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THE LIGHT SENSITIVENESS OF COPPER OXIDE. 
By A. H. PFunp. 


F the various substances which experience an increase in conduc- 
tivity under the influence of light, selenium and stibnite show the 
effect most markedly. A comparative study of these substances has 
shown an unmistakable parallelism of behavior and this has pointed 
toward the conclusion that the mechanism involved in the production of 
light-sensibility is probably of the same general character. It is needless 
to state that hardly a start has been made toward explaining the com- 
plicated behavior of these substances. With the idea in mind that some- 
thing might be learned from a study of other light-sensiti, e substances, 
yet unknown, a search was begun. The first, new light sensitive sub- 
stance discovered was cuprous oxide (CuO). While indications of 
light-sensitiveness were also found in other substances, the following 
discussion is to be confined to the consideration of cuprous oxide. 


MODE OF PREPARATION OF Cu2O. 


Cuprous oxide was prepared from a band of pure copper having the 
following dimensions: 0.75 X 10 X 150 mm. This band was heated 
in air by means of an electric furnace at a temperature of about 900° 
C. for 20 hours. At the end of that time, the copper was entirely oxi- 
dized but for a short portion near the ends of the band. The entire mass 
appeared grayish-black and was quite opaque to light. Upon breaking 
up the original long strip into lengths suitable for making cells, these 
shorter pieces were dropped into aqua-regia of moderate strength. This 
was done in order to dissolve off the outer coating of cupric oxide (CuO). 
The remaining mass of Cu2O showed a beautiful crystalline structure and 
marked translucency toward red light even in layers exceeding I mm. 
in thickness. In order to prepare thinner layers several modes of 


procedure were followed: (1) the original, thick layer was ground down 
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on an emery-wheel, (2) the thickness was reduced by means of aqua- 
regia, (3) pieces of oxide were scaled off the ends of the original band. 
These scales were removed by bending the partially oxidized strip, 
whereupon they were dropped into aqua-regia to remove the CuO. 
As a result of this procedure, the scales had a thickness of 0.1 to 0.3 mm. 
and appeared a brilliant ruby-red in transmitted light. 


CopPER OXIDE CELLs. 

The types of.cells most frequently used are shown in Fig. 1, A and B. 

Here a represents a strip of tinfoil about 0.5 mm. wide, either straight as 
in 1A or hairpin shaped, as in 1B, in close contact with 
A) (B) the surface of cuprous oxide. The two electrodes bb’ 
I , consist of flexible tinsel which is held in contact with the 
Cu.0 by shallow pools of celluloid dissolved in amyl- 
LJ acetate (albilene). After the acetate has evaporated and 
if se the firm celluloid is left, the entire upper surface of the 
Fig. 1. cell receives an opaque, cathodic film of gold. Upon re- 
moving the strip of tinfoil the cell is mounted in a glass 

tube and is then ready for use. 

In order to study the behavior of such cells at temperatures ranging 
from +20° to —180° C., the mounting shown in Fig. 2 was used. Here 
AA represents a block of brass which is split—the two _, - 
halves being separated by a thick layer of mica. Adisc / 
of mica M is fastened to the brass block and the Cu,O 
cell C is mounted on the mica. The mica plate and cell 
are held in place ‘with albilene which, unlike sealing 
wax, etc., does not release its hold at liquid air temper- 
atures. The two strips of tinsel, coming from the cell, 
are soldered to the brass block as also are the two wires  . 
leading to the outside of the test-tube T. A small hole 
is drilled into the brass block so as to receive the junc- i 
tion of a german-silver-copper thermocouple by means 
of which the temperature of the system may be deter- 
mined. A glass or quartz plate covers the end of the Fig. 2. 
testtube and this is finally exhausted and sealed off. 

The resistance and light-sensitiveness could be made to vary over a 
wide range—depending upon the design of the cell. One of the best 
cells thus far made is of the type 1B. The width of the bare strip of CuzO 
is about 0.5 mm. and the thickness of layer iso.8 mm. The resistance at 
17° C. for 1 volt is 15,200 ohms in the dark. A 40 watt tungsten lamp 
at 20 cm. produces an increase in conductivity of about I5 per cent. 
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By connecting this cell to a 2 volt battery and a simple potentiometer, 
the sensibility is such that exposing the cell to diffuse daylight, too faint 
to read by, throws the galvanometer spot of light off the scale. 


AccEssory APPARATUS. 


In order to study the effect of monochromatic radiations in the spectral 
interval 3u to 0.44 a Fuess monochromatic illuminator was used. The 
energy carried by the various bundles of radiation was measured by a 
two-junction vacuum thermopile! whose receiving surface had an area 
1 X6mm. The thermopile was connected toa D’Arsonval galvanometer 
of 15 ohms’ resistance and of a working sensibility of 1.5 X 10-* amp. 
per mm. deflection for a scale distance of two meters. The sensibility 
of the thermopile-galvanometer system was such that the total radiation 
from a candle at I meter distance (after passing through the quartz- 
window of the thermopile) produced a deflection of 400 mm. As in 
my previous work on selenium, the copper-oxide cell was connected 
electrically to form part of a simple potentiometer system in which the 
above-described galvanometer was also employed. 


ULTRA-VIOLET MONOCHROMATIC ILLUMINATOR. 


The quartz-spectrometer used for studying the ultra-violet region 
of the spectrum has been in constant use for the past three years with 
very satisfactory results. As the instrument has not as yet been de- 
scribed, a few words as to its design may not be out of place. The 
arrangement of the various parts is shown in Fig. 3. Here the light 
from an iron-arc A is collected by the condensor C and is focused on 
the primary slit S, from which it passes through the collimating lens L, 
thence through the Cornu prism P and is finally focused near the plane 
of the secondary slit Sz by means of the lens Ly. The distinctive feature 
of this design is that the prism, the lens Zz and the slit S2 are fixed, hence 
the monochromatic radiation leaving S; always has the same direction 
and, as a result, any optical system, no matter how complex, may be 
mounted in a suitable and fixed position behind this slit. The lens L; 
is mounted rigidly on an iron beam B which is pivoted under the center 
of the first prism-face at x. The slit S,, the condenser C and the arc A 
are likewise connected rigidly. The slit and its connections may slide 
along the beam B but are guided in their motion by a pin which lies 
under and in line with the slit and which is forced to move in a groove cut 
into the track JT. This track is so inclined to the direction of B that the 
chromatic aberration of the lenses L; and Le is counteracted—and as a 
1 Phys. Ztschr., 13, 870, 1912. 
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result, the spectrum on the slit Sis always in focus. To change from one 
spectral region to another, the arc-condensor-slit combination is shifted 
bodily along the beam B and the track T. While the chromatic aberration 
can not be eliminated perfectly by sliding the slit along a straight line, 
the adjustment is, nevertheless, surprisingly good. In order to fix, 
properly, the position of the track T a position of the slit is found which 
allows radiations of the wave-length 3,500 A.U. to pass through S, 
(which is made several millimeters wide and behind which a piece of 
uranium glass is mounted in close contact). Next S; is made very narrow 
> and the lenses LZ; and Le are adjusted in such posi- 

tions that their respective distances from S,; and S; 
are the same when the spectrum is in sharp focus on 
the uranium glass. The next step is to shift S; into 
such a position that blue light (A = 4,500 A.U.) is 
sharply in focus on S2. That portion of the track T 
lying immediately under the engaging pin is now 
held fixed and a new position of S; is found so as to 
bring \ = 2,700 A.U. to a sharp focus on S». If the 
track be fastened down rigidly in this position it will 
be found that, upon shifting S;, only the two spectral 
regions } = 4,500 and 2,700 A.U. will be in sharp 
focus. While a compromise is effected for the other 
spectral regions, the deviations from perfect focus in 
the interval } = 5,500 to 2,400 A.U. are very slight. 
It is, of course, always possible to improve the appa- 
ratus by constructing a properly curved track T, by 
keeping the prism always at minimum deviation and 
by keeping the lenses always at equal distances from their respective 
slits. In view of the fact that such improvements would have added 
complications to the construction the simpler form of apparatus was 
constructed. 

The iron-arc used has already been described elsewhere.' Suffice 
it to say that a current no greater than 5 amperes was used and that the 
upper electrode was positive. Before beginning a series of measure- 
ments a bead of iron-oxide, about 7 mm. high, was formed on the lower 
electrode and a smaller, hemispherical bead was formed on the upper. 
The arc burned with great steadiness when the two beads were separated 
by 1.5 to2.0mm. Increasing the separation adds but little to the energy 
radiated in the region of shorter wave-lengths since these come from the 
regions of the arc very close to the beads. By means of the fluorescence 




















Fig. 3. 


! Astrophysical Journal, 27, p. 296, 1908. 
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excited on a strip of glass from a broken incandescent lamp bulb, the 
condensor is adjusted to focus the ultra-violet radiation on the slit S). 
Many tests have shown that energy measurements, taken at intervals 
during 2 or 3 minutes rarely differ by more than 2 or 3 per cent. if the 
arc is burning properly. The amount of energy delivered by this spec- 
trometer is large. By mounting the thermopile behind S:, deflections 
greater than 500 mm. are obtained in the region \ = 2,500 A.U. with slit- 
widths no greater than 0.5 mm. It has been found advisable to insert 
a quartz tank containing a 2 cm. layer of water in front of the slit S,. 
A piece of (copper) ruby glass was used as a shutter in the interval 5,500 
to 2,900 A.U. and a piece of clear glass was used for the region below 
2,900 A.U. 
THE VOLTAGE EFFECT. 

In order to study the change in conductivity with applied voltage, a 
Cu.0 cell was connected to a Paul millivoltmeter (used as a galvanometer) 
and a variable source of potential. The resistance of the millivoltmeter 
was but 50 ohms which quantity is negligible in comparison with the 
resistance of the cell. The readings were taken as shortly as possible 
after closing the circuit in order to avoid the slow creep which sets in 
when the current is allowed to flow for some time. As soon as a reading 
had been taken, the circuit was broken and two minutes were allowed to 
elapse before the process was repeated. The glass tube containing the 
cell was mounted in a water-bath at 17° C. The results obtained are 
shown in the following table and in Fig. 4. 
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The fact, that the conductivity increases markedly with the voltage 
applied, shows that cuprous oxide, like selenium and stibnite, does not 
obey Ohm’s law. That the “ voltage effect ”’ is not due to temperature 
changes has been demonstrated repeatedly.! 


Licut EFFECT vs. HEAT EFFECT. 


In the present work the question has arisen whether CuO, with its 
large, negative temperature coefficient of resistance (0.024) owes its 
increase in conductivity to a heating effect or to a specific action of the 
light. While all of the experiments on the color-sensibility curves make 
it highly improbable that we are dealing with a heating-effect, the fol- 
lowing crucial experiment was carried out. A cell, similar in design to 
that shown in Fig. 1A was prepared and the central portion was covered 
with a very thin, non-conducting layer of albilene (celluloid). Upon 
connecting this cell to the potentiometer system and projecting mono- 
chromatic beams of light upon the central strip, a galvanometer deflection 
of more than 100 mm. was observed. This deflection did not increase 
upon prolonged illumination, but remained steady. Since the galvanom- 
eter required 7 seconds in order to reach its maximum deflection, it is 
evident that the change in conductivity occasioned by light reached a 
steady state in an interval of time at least no greater than 7 seconds. 
That a temperature equilibrium could have been reached in the rather 
massive piece of Cu2zO seems improbable. Next, the central strip of 
oxide was painted over with a thin but opaque coating of lamp-black 
and shellac in alcohol. This produced an absorbing surface which would 
heat up the cuprous oxide upon exposure to radiation. Electrical con- 
duction through the lamp-black was prevented by the coating of celluloid 
underneath. Asa matter of fact the resistance of the cell was not affected 
by putting on the layer of lamp-black. Upon exposing the cell to the 
same radiations as before, no galvanometer deflection as great as I mm. 
was observed. The conclusion to be drawn is that, while there may be a 
slight effect due to heating, the observed effect is preponderatingly due 
to a specific action of the light. 


CoLoR SENSIBILITY CURVES. 


The color-sensibility curves were obtained in the usual manner by 
throwing monochromatic slit-images on the copper-oxide cell and ob- 
serving the resultant change in conductivity. The energy carried by 
each monochromatic bundle was made the same by projecting the radi- 
ation on the thermopile and varying the intensity so that the same gal- 

1 Luterbacher, Ann. d. Phys., 33, p. 1392, I9I0. 


—e_ 





ghia LIGHT-SENSITIVENESS OF COPPER OXIDE. 295 
vanometer deflection was obtained. A typical curve for a cell, similar 
in design to that shown in Fig. 1A is plotted in Fig. 5. This cell had a 
thickness of layer of 1.2 mm. and a central, bare strip of CusO 1.5 mm. 
wide. In all cases the equilibrium change in conductivity was recorded. 
Curve A applies to a temperature of +19° C. while curve B applies to a 
temperature of —127°C. The last-named curve was obtained by lower- 
ing the test-tube, containing the cell, into a Dewar flask containing 
liquid-air. By raising or lowering the liquid-air surface and by plugging 
up the top of the Dewar flask with cotton-batting, the temperature of 
the cell could be kept constant to within less than 5° C. for hours. 
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It will be,noted that the sensibility maximum in curve B is shifted 
toward the shorter wave-lengths, as in the case of selenium and stibnite. 
The region‘of greatest sensibility lies far in the ultra-violet near \ = 2800 
A.U. Later on it will be shown that such curves as the above do not 
represent the sensibility curves for cuprous oxide but that they apply 
only to the cell in question. This will be established by showing that 
the form of the sensibility curve may be changed by modifying the design 
of the cell. 


RELATION BETWEEN ENERGY AND CONDUCTIVITY CHANGE. 


In order to establish the law which connects the equilibrium change 
in conductivity (AC) with the amount of energy (£) absorbed, a cell was 
first exposed to a beam of monochromatic radiation which was sub- 
sequently cut down to half value by means of a rotating sector. The 
last column in the following table shows the value of the deflection, ob- 
tained by calculation, for half energy on the assumption that the change 
in conductivity is proportional to the square-root of the energy. 

Results were obtained only in the spectral region entirely absorbed by 
cuprous oxide. From the above table it is evident that, within the limits 
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Deflection for Half Calculated Deflection 








Wave-Length. Deflection for Full - Energy (%Z). for % £. 
4,820 A.U. 115 mm. | 79 mm. 80 mm. 
5,220 152 | 106 | 108 
5,470 175 122.5 122 
6,040 118 | 85 | 83 
6, 180 _ 133 . _—_———— | _ 93 





of accuracy of measurement, the law connecting AC (which is proportional 
to the deflections) and E is of the form: 


AC = KE} 


This same law also applies to selenium and stibnite. 


FRONT AND BACK ILLUMINATION. 


If electrodes be applied to the upper surface of a disc of selenium and 
if the lower surface be illuminated, it was shown by Gripenberg! that a 
change in conductivity is produced and that this change is of the same 
order as that obtained by illuminating the upper surface. Since the 
selenium was entirely too opaque to permit light from below to penetrate 
to the electrodes on the upper surface, it is evident that changes in con- 
ductivity are also brought about in portions of the selenium not directly 
illuminated. This phenomenon, which has been termed the “ Trans- 
mitted Effect ’’ has been studied in great detail by Brown? on isolated 
crystals of selenium. In order to determine whether or not a similar 
effect was also shown by CuO, many experiments similar to those of 
Brown and Gripenberg were carried out. Without discussing in detail 
the ten or more experiments which were carried through, it may be stated 
that if cuprous oxide shows the effect at all, it is infinitesimal in com- 
parison to that shown by selenium. As a matter of fact, the experi- 
mental evidence indicates that, in the case of Cu.O, the change in con- 
ductivity is practically confined to the portion of the material penetrated 
by the light. 

But one experiment will be discussed in this connection. A cell, 
similar in design to that shown in Fig. 14 was mounted in an evacuated 
glass tube. The disc of Cu2O was but 0.4 mm. thick and, as a result, 
showed marked translucency to red light. The tube containing the cell 
was mounted vertically on a block of wood which could be rotated, 
between stops, through 180°. In this manner a monochromatic slit- 
image could first be thrown on that side of the cell bearing the electrodes 
(front illumination) and then, on the back (back illumination). It goes 


1 Gripenberg, Phys. Ztschr., 15, p. 462, 1914. 
2 Brown, Phil. Mag., 28, p. 497, 1914. 
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without saying that the light was focused on the bare, central strip of 
CuO and on the portion immediately behind it. While the various beams 
were not reduced to equal energies, a water-cell containing cuprammonia 
was inserted in front of the primary slit so as to cut down the tremendous 
intensity of the red end of the spectrum. The results are shown, graph- 
ically, in Fig. 6. 

It is here seen that, for wave-lengths below 6,000 A.U. the change in 
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Fig. 6. 


conductivity for ‘“ back-illumination ”’ is small while for wave-lengths 
greater than 6400 A.U. the change in conductivity is even greater than 
in the case of front illumination.! If now we consider the transmission 
of a thin scale of cuprous oxide (as shown by arbitrary numbers in the 
dotted curve of Fig. 6) we see that the increasing deflections, due to 
“ back-illumination ”’ occur in the spectral region in which the cuprous 
oxide becomes increasingly transparent. Without carrying through the 
argument in detail, it would appear that the light from the back gives 
rise to large changes in conductivity as soon as it is able to penetrate into 
the region where the current-density is comparatively great. Whether 
the small, but definite, changes in conductivity, occasioned by the shorter 
wave-lengths, are in the nature of a true transmitted effect is still an 
open question. 

In this connection is was thought of interest to compare the “ front ”’ 
and “ back”’ illumination curves for selenium and cuprous oxide. A 
selenium cell, similar to the Cu2O cell in design and dimensions was 
prepared. The selenium layer was entirely opaque in the spectral region 


1 Just what this higher value is due to has not been determined. In part, at least, it is 
due to the fact that the gold electrodes cut off some of the light—furthermore, internal scat- 
tering of the light may also contribute toward the effect observed. 

Since the scale of Cu2xO was only translucent, no true values for the transmission could be 
found. The values recorded were obtained by mounting the scale on the first slit of the mono- 
chromatic illuminator and measuring by means of the thermopile, the relative amounts of 
energy for the various wave-lengths. This, of course, yields only a qualitative determination. 
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studied and the usual sensibility-curve showed a marked maximum at 
the wave-length 7,000 A.V. The ratio of the change in conductivity 
brought about by “front” ACF and ‘“ back”’ ACB illumination is shown 
in Fig. 7. 

The great disparity in the form of the two curves is apparent. In 
selenium we have a true “ transmitted effect ’’ which, instead of being 
greatest in the deep red where selenium is known to be the most trans- 
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parent, is really the greatest in the violet. While these results were 
obtained with discs of selenium and cuprous oxide consisting of a con- 
glomerate of small crystals, it would be premature to state that the 
“ transmitted effect ’’ does not exist in isolated crystals of Cu2O. Re- 
cently the writer has found that such crystals (cuprite) may be obtained 
—therefore the above-mentioned uncertainty will be removed shortly. 
At any rate it has been established that cuprous-oxide, in the form used, 
shows no definite “‘ transmitted effect’ and in this one respect, differs 
decidedly from selenium. 


SENSIBILITY CURVES FOR CELLS OF DIFFERENT DESIGN. 


If the change in conductivity is confined to the illuminated portion of 
cuprous oxide, then, by varying the design of the cell, different sensi- 
bility curves ought to result: This in- 
ference was tested by constructing two 
cells out of a single strip of Cu,O. 
This strip had the dimensions 1.2 X 5 
xX 12 mm. In Fig. 8 (a) the two gold 
electrodes A and B are separated by a 

Fig. 8. bare strip of CuzO about 0.75 mm. wide 

on the flat side of the strip while A 

and C are two identical electrodes on opposite sides of the strip. 
The electrode B is about 0.75 mm. wide. Upon connecting the elec- 
trodes A and B to a source of potential, the variation of current- 
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density (lines of flow) through the mass of material underneath is shown 
diagrammatically in Fig. 8(0). Here, the region of greatest current- 
density lies very near the surface, whereas, if the electrodes A and C 
be used, the current-density will be practically constant as shown in Fig. 
8 (c). (Fig. 8 (6) and (c) are much magnified.) If a beam of red light 
be allowed to fall on these two cells, cell (c) ought to be, relatively, the 
more sensitive since the light penetrates almost the entire current- 
carrying layer before being absorbed. On the other hand, cell (0) 
ought to be the less sensitive since but little energy is absorbed in the 
region of greatest current-density. It is evident that exactly the reverse 
ought to be true for blue light which is absorbed very near the surface. 
When these two cells were tested for their sensibility-curves it was found 
that, while they had almost the same resistance, cell (0) was considerably 
the more sensitive. The actual sensibility curves are shown in Fig. 9, 
where curve I. applies to cell (b) and curve II. to cell (c). 
100 : - 
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It is here apparent that the two curves, obtained from the same material 
are markedly different and that they differ in the predicted manner. 
The question here arises as to whether or not the sensibility maximum in 
the red (near \ = 6,200 A.U.) is really indicative of a high intrinsic light- 
sensibility of the cuprous oxide. In terms of electron-theory, the 
“ intrinsic-light-sensibility ”’ involves the idea of the number of electrons 
made available for carrying the current per second, per unit cube, per 
watt of absorbed energy. The energy is supposed to be absorbed uni- 
formly, 7. e., each small element of volume of the unit cube is to absorb 
the same amount of energy per second. In actual experiment it would be 
necessary to work with films of the light-sensitive material so thin as to be 
transparent to all wave-lengths. This would make possible a measure- 
ment of the absorbed energy and would fulfill to a fair degree of approxi- 
mation the condition of uniform current density and light-absorption, 
imposed on the experiment. 
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DISCUSSION. 

Several years ago the writer suggested the idea that light-sensibility 
might be due to resonance in consequence of which the number of elec- 
trons, made available for carrying the current, was increased. The large 
amount of work since then carried out by Brown! and his co-workers, 
Nicholson,? Elliott,? Ries‘ and the writer’ goes to show that the above 
suggestion well serves the purpose of a working hypothesis. That the 
final theory will be established on an electronic basis, seems certain. 
Without discussing the various points which have been established def- 
initely for the other light sensitive substances, the contribution of the 
present work to the theory will be taken up briefly. According to the 
“‘ free-electron ’’ theory of Drude and Riecke, the light-sensibility of 
cuprous oxide would be explained as an actual liberation of electrons 
which, subsequently, float about freely between the molecules. As 
diffusion of electrons from the regions of higher concentration is bound to 
set in, it would follow that the conductivity of the entire mass of material 
would eventually be increased even though only a small portion of the 
surface be illuminated. This means that the “ transmitted effect ” 
would necessarily exist. On the “‘ doublet”’ theory of J. J. Thomson, 
the effect of light would be to decrease the stability of electrons to such 
an extent that they might be drawn out of their original ‘‘ doublet ” 
system into the adjacent one. It is here assumed that the potential 
applied serves merely to orient the doublets—the actual transference of 
electrons from one doublet to the next is due to the electric field between 
doublets. According to this view the region of increased conductivity 
ought to be confined to the region illuminated and hence, a “ trans- 
mitted ” effect ought not to exist. The fact that a true ‘“ transmitted ” 
effect is not shown by copper-oxide goes to show that the results obtained 
are best accounted for on the basis of the ‘‘ doublet ” theory of metallic 
conduction. 

Similar considerations have been brought forth by Brown who has 
shown that the “ voltage’ and “ pressure ”’ effects in selenium are not 
transmitted. In selenium, however, the evidence gained from a study 
of light-sensibility is not clear-cut since matters are complicated by the 
“ transmitted ”’ effect. The true nature of this effect has not as yet been 
established. In the case of cuprous oxide conditions are much simpli- 
fied for it has been shown that, qualitatively at least, the behavior of the 


1 Puys. REV., 5; p. 395, 1915. 
2 Puys. REV., 3, p. I, 1914. 

3’ Puys. REV., 5, p. 53- 

4Ann. d. Phys., 36, p. 1055, IQII. 
5 Puys. REV., 34, p. 370, I9I2. 
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substance can be accounted for on the assumption that there is no true 
transmitted effect. 
SUMMARY. 

The results of the foregoing work may be stated briefly as follows: 

1. A convenient monochromatic illuminator for the ultra-violet has 
been described. 

2. It has been proved that cuprous oxide is light-sensitive and that 
the effect is not due to heat. 

3. The failure of Ohm’s law for CusO has been demonstrated. 

4. The region of greatest light-sensibility lies in the ultra-violet near 
dh = 2,800 A.U. 

5. Lowering the temperature from 19° C. to —127° C. causes a shift 
of the red sensibility maximum toward shorter wave-lengths. 

6. The equilibrium change in conductivity of CuO is proportional to 
the square-root of the light-energy absorbed per unit time. 

7. ‘‘Front”’ and “ back”’ illumination produces effects in cuprous 
oxide which are entirely different from those produced in selenium. 

8. The change in conductivity in cuprous oxide is limited to the 
portions penetrated by radiation. 

9g. The absence of a true “ transmitted ’’ effect in cuprous oxide shows 
that this effect is not essential to light-sensibility. 

10. With the same material, the light-sensibility curve of cuprous 
oxide may be changed markedly by modifying the design of the cell. 

11. The results obtained are most readily explained on the basis of 
Thomson’s “ doublet ’”’ theory of metallic conduction. 


JoHNS HOPKINS UNIVERSITY, 
November, I9QI5. 
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THE CHARACTERISTICS OF TUNGSTEN FILAMENTS AS 
FUNCTIONS OF TEMPERATURE. 


By IRVING LANGMUIR. 


HE tungsten filament offers the simplest means of producing very 

high temperatures under conditions suitable for accurate measure- 

ment. There have been, however, considerable difficulties in determining 

the true temperature of such filaments, so that the results published by 
different investigators have differed by several hundred degrees. 

The characteristics of tungsten lamps have been investigated very 
extensively, but in nearly all instances only the relations between the 
variables—volts, amperes, and candle power, or functions of these— 
have been studied. These variables, in fact, are the only ones with which 
the illuminating engineer is directly concerned. Probably the most 
complete investigation of this kind is that of Middlekauff and Skogland! 
who give by equations and tables the changes in candle’power and am- 
peres for any given change in the voltage applied to tungsten lamps. 

The physicist or chemist, however, is primarily interested in the re- 
lation between these variables (volts, amperes, and candle power) and 
the dimensions and temperature of the filaments. Pirani published 
some data on the relation between temperature and watts per candle and 
later gave data on the temperature coefficient of the resistance as a 
function of the temperature. 

Several years ago a detailed study of the characteristics of tungsten 
filaments as functions of the dimensions and temperature, was under- 
taken in this laboratory. The data thus obtained have been in continual 
use ever since and have served as the basis for the calculation of tem- 
peratures in several investigations which have been published.” 

More recently, in connection with a redetermination of the melting- 
point of tungsten,’ an optical pyrometer was set up, suitable for measuring 
the true temperatures of filaments with considerable accuracy. With 


1 Bull. Bur. Stand., 11, 483 (1915), and Trans. Ill. Eng. Soc., 9, 734 (1914). 

?For example: ‘‘Convection of Heat in Gases,’’ Puys. REvV., 34, 401 (1912); ‘“‘ Vapor 
Pressure of Tungsten,’”” PuHys. REv, 2, 329 (1913); ‘‘ Thermionic Currents,’’ PuHys. REV., 2, 
450 (1913); “‘Dissociation of Hydrogen,” Jour. Amer. Chem. Soc., 34, 860 (1912), 36, 1708 
(1914), 37, 417 (1915). 

3 Puys. REv., 6, 138 (1915). 











— CHARACTERISTICS OF TUNGSTEN FILAMENTS. 303 


this instrument a new study of the characteristics of filaments has been 
made and the results are now felt to be of sufficient accuracy to warrant 
' their publication. 


GENERAL THEORETICAL CONSIDERATIONS. 


‘ Any property of a filament which varies with the temperature may be 
used, after proper calibration, as a means of estimating the filament 
temperature. There are a large number of such properties and the choice 
of the one most suited to serve as the basis of a temperature scale, will 
depend entirely upon the experimental conditions. For example, the 
energy radiated per unit area might be adopted for a filament in vacuum, 
but would be very unsatisfactory if the filament were surrounded by a 
gas. 

The various properties (or methods) that may be utilized to estimate 
the temperature of filaments may be divided into four groups according 
to the knowledge of filament dimensions required, as follows: 

1. Requiring no dimensions: 

(a) Intrinsic brilliancy. 

(6) Color of light emitted. 
(c) Ratio of “‘hot”’ to “ cold”’ resistance. 
(d) Watts per candle (W/C). 

2. Requiring both length and diameter: 


Rd? 
(e) Resistance, R’ = TT 


W 
(f) Power radiated W’ = ld’ 


>) 


(g) Candle power C’ = id’ 


V¥d = ,—— 
(h) Voltage V’ = — =v W’'R’. 


, —_ ; 4 
(z) Electron emission 7’ = id’ 


3. Requiring diameter only: 


A Ww’ 
(j) Current A’ = Z-~ VR’ 
1 1 = length, d = diameter, 
V = volts, = amperes, 
W = watts, R = resistance (ohms), 


C = candle-power (measured perpendicular to axis of filament); C is thus equal to the 
total lumens divided by z? or to the mean spherical candle-power multiplied by 
4la; 

V’, A’, etc., specific properties defined below. 
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SERIES. 


c:. ¢ 
©) Vai = vr 


I 3/C 3/C’ 

© iN “NR 
; eS 
(m) Candle power (using slit) a" 


4. Requiring length only: 








VY¥A YWR ,,_ 
ap <a ee - 
YCV2 
(0) Z i = YC'(V’)2. 
es 


(p) Ai (A)! 
W/(C2R 


C?R ———- 
(@) —— = Y(CYR. 





Al 


(r) Thermal expansion T° 


(a) Intrinsic Brilliancy.—This is the property utilized in the Holborn- 
Kurlbaum pyrometer, and most other optical pyrometers, for the meas- 
urement of temperature. The use of intrinsic brilliancy for this purpose 
has the particular advantages 

Ist. That measurement can be made at any point on a surface. 

2d. Extremely rapid increase with temperature. 

3d. Variation with temperature follows known laws. 

Only relative measurements of intrinsic brilliancy are involved in the 
use of apyrometer. Since it has been shown! that the emissivity of tung- 
sten does not change appreciably with the temperature, the variation of 





the intrinsic brillia.. of tungsten with the temperature is given accur- 
ately by Wien’s law \C2 = 1.4392): 

E — .62503 ( I I ) 
(1) logio F, = d To _ r ° 


(b) Color of Light Emitted.—The color of the light emitted by an 
incandescent body may be used to estimate its temperature. This method 
is a very old one but has only recently been used for accurate pyrometry. 
Coblentz! and Hyde? showed that by properly adjusting the temperature, 


1 Puys. REv., 6, 138 (1915). 
? Bull. Bur. Stand., 5, 359 (1909). 
3 Trans. Ill. Eng. Soc., 1909. 
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filaments of platinum, carbon, tungsten, or tantalum could be color- 
matched against a black body. This color match is made by setting up 
the filament on one side of a Lummer-Brodhun photometer, and a black 
body on the other side. By adjustment of the temperature of the filament 
and its distance from the photometer the color and intensity of the light 
from the two sources can be made identical within the limits of observa- 
tion. Hyde! pointed out that when filaments of the above named 
materials were brought to a color match, the distribution of energy over 
the whole visible spectrum was the same for all filaments. Hyde states 
in fact that the color match method “ is perhaps more sensitive than the 
spectrophotometric method and yields results in close agreement with 
the latter. It is conceivable, of course, that two lamps might have the 
same color, and yet show different spectral distributions. Such a case 
has not yet been observed. On the other hand it has been found that 
in certain cases, é. g., with the osmium vs. the carbon lamp, it is impossible 
to obtain exact color matches, although the spectrophotometric curves 
differ by an amount so small that the differences might well be ascribed 
to experimental error.” 

Hyde showed that a filament could be set at definite temperature as 
accurately by the color-match method as the usual pyrometric methods. 

The color-match method has been used for several years in this labor- 
atory for estimating the temperatures of filaments.2 It has proven to 
be of great practical value and appears to be of more universal applica- 
bility than any other pyrometric method. 

The relation between the true temperature of a filament and that of a 
black body which matches it in color has only recently been the subject 
of study. Hyde considers that “ there is much reeson to believe that 
under this condition (of color-match) they are not opé? ating at the same 
true temperature’ and reasons that the temperature of the filament 
should in general be lower than that of the black body. 

Lorenz,* by comparing the expansion of gases around similar filaments 
of platinum and tungsten which are alternately heated, concludes that 
filaments of these two metals are at the same true temperature when they 
are at a color-match. 

Paterson and Dudding,‘ in an extended investigation with carbon 
and tungsten lamps, determine the relation between the watts per candle 
of these lamps and the temperature of a black body giving color-match. 
They also endeavor to find the difference in temperature between a 


1 Jour. Frank. Inst., 169, 439 (1910); and ibid., 170, 26 (1910). 
2 Langmuir & Orange, Trans. Amer. Inst. E. E., 32, 1944 (1913.) 
3 Puys. REV., I, 332 (1913). 

4 Proc. Phys. Soc. of London, 27, 230 (1915). 
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platinum filament and that of a black body which color-matches it. 
They find as the average of about 30 determinations (varying from 1727° 
to 1789° C.) that the temperature of the black body which matches a 
platinum filament at its melting-point (1753° C.) is 1762° C. They also 
compare their data for the relation between watts per candle and tem- 
perature with published data (Forsyth, Pirani, Langmuir) on this re- 
lation. As a result they conclude that the differences in temperature 
between platinum or tungsten and a black body at color-match are small 
and probably do not exceed I or 2 per cent. 

We shall see, from experiments to be described later, that there is a 
distinct difference in temperature between tungsten and a black body 
which matches it in color, and that this difference is in the direction 
predicted by Hyde. The difference however is small compared to the 
difference between true temperature and black body temperature. 

(c) Ratio of “‘ Hot” to ‘* Cold’ Resistance.—The ratio of the resistance 
at the temperature T to that at o° C. or at room temperature has often 
been used for estimating temperature (v. Pirani, Corbino, Somerville). 

This ratio affords the simplest and most convenient estimation of the 
temperature of filaments, and has the advantage that it can be used when 
the filament is surrounded by gas, or even when its surface is tarnished 
by oxidation. In practice, however, the method proves to be one of the 
least accurate methods of estimating temperatures for the following 
reasons: 

1. The resistance increases relatively slowly with the temperature as 
compared with most other properties used for temperature estimation. 

2. The resistance and its temperature coefficient are very sensitive 
to traces of impurities (carbon). 

3. At room temperature the resistance of the filament is often so low 
that uncertainties in the lead and contact resistances are apt to play a 
large part. 

(d) Watts per Candle.—This function has been used more than any 
other for the rating of tungsten lamps and is thus used as the basis of an 
arbitrary temperature scale. 

Pirani has published! tables giving watts per candle as a function of 
the temperature. 

Considerable confusion arises from the fact that the candle power 
may be measured in several ways: mean horizontal, maximum horizontal 
or mean spherical. For our purpose we shall measure the candle power 
of straight filaments in a direction perpendicular to their lengths. This 
corresponds most nearly to watts per mean horizontal candle power. 

1 Verh. d. D. Phys. Ges., 14, 213 (1912), and ibid., 14, 681 (1912). 
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The advantages in the use of watts per candle are: 

1. It requires no knowledge of the dimensions of the filament. 

2. The function increases much more rapidly with temperature than 
does resistance, and is not so greatly affected by impurities in the metal. 

The disadvantages are: 

1. Unless the mean spherical candle power is measured the results will 
depend on the geometrical configuration of the filament. 

2. The watts per candle do not increase nearly as rapidly with the 
temperature as the intrinsic brilliancy or the candle power. 

3. Watts per candle cannot be used for estimating temperature when 
the filament is surrounded by a gas. 

(e) Resistance.—If p be the resitivity of tungsten at the temperature 
T, then the resistance of a filament heated electrically to T will be 


4ol 
(2) R= ra? ° 
For convenience let us place 
Rr =#, 
us 
Equation (2) thus becomes 
, Re? 
(3) ror, 


where R’ is a function of the temperature only and is numerically equal 
to the resistance of a filament of unit length and unit diameter. 

(f) Power Radiated.—Since the energy radiated is proportional to the 
surface we may place for a filament in a vacuum 


ae 


where W’ is numerically equal to the power (watts) radiated from a fila- 
ment of unit diameter and unit length. 

According to the Stefan-Boltzman law the power radiated per sq. cm. 
from a black body is ¢7* watts per cm.’ 

From a tungsten surface the power radiated per cm. will be Eo7* 
where E, the “ total emissivity,” 
We may thus place 
(5) W’ = rEoT*. 

(g) Candle Power.—If C is the candle-power of a filament measured 


in a direction perpendicular to the axis of the filament, then we may place 


ae 
~ Id’ 


is also a function of the temperature. 


(6) c” 
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where C’ (a function of the temperature only) is the total intrinsic bril- 
liancy of the filament. This property differs, however, from (a), the 
intrinsic brilliancy, in being the calculated (mean) intrinsic brilliancy for 
the entire filament rather than the observed brilliancy of a small part of 
the filament. 

The quantity C’ can be theoretically calculated from the Planck equa- 
tion, visibility function, emissivity of tungsten, and mechanical equivalent 


of light. 
The power radiated from a black body per sq. cm. is 
Cy 
(7) Ji = = ‘ 
ett = § 


If E, is the emissivity of tungsten for the wave-length \ then E,J, 
will be the energy of wave-length \, radiated from tungsten per sq. cm. 
The total light expressed in watts! is then 


(7a) Ly = f V,E,J,dx. 
0 


By dividing this by M, the mechanical equivalent of light (in watts 
per lumen) we obtain the total lumens per sq. cm. radiated by tungsten. 
To convert this to candles per sq. cm. the value in lumens per sq. cm. 
should be divided by z. Thus 


_ Lw 
~~ eM’ 


The function C’ serves as a very convenient measure of temperature. 
It has the advantage over the measurement of intrinsic brilliancy by a 
pyrometer that it can be applied to filaments of very small diameter. 
The use of a photometer is often much more convenient than that of a 
pyrometer. In common with the pyrometer method it possesses the 
advantage of being applicable to filaments surrounded by gas. 

(h) Voltage.—If we take the square root of the product of W’ and R’ 
we obtain for a filament in vacuum 


(8) Cc’ 


—s VvVd 
(9) V' =VW'R = —s 


Thus we see that the voltage drop per cm. along a heated filament in 
vacuum is inversely proportional to the square root of the diameter. 
This relation is useful in determining what the length of a filament 
should be in order that it may be heated to a given temperature by a 
given applied voltage. 
1Ives, Astrophys. Jour., 36, 322 (1912). 
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(i) Electron Emission.—The use of electron emission to measure tem- 
perature was suggested by Richardson’ but has apparently not been 
practically applied. Although under proper conditions’ the electron 
emission from pure tungsten in a high vacuum is reproducible and could 
serve as a very accurate measure of temperature, it is found in practice 
that the electron emission is so enormously affected by minute traces of 
such substances as thorium in the filament or oxygen or water-vapor in 
the surrounding space, that this method is less reliable than almost any 
of the others considered in this paper. 

(j) Current.—By taking the square root of the quotient of W’ by R’ 
we obtain _ 

, 
(10) A’= a = ‘. 

In other words, the current necessary to heat a filament in vacuum to a 
given temperature varies with the 3/2 power of the diameter. 

This function is especially convenient for estimating the temperature 
of filaments in experimental work. The diameter is readily measured 
(weight per unit length) and the length need not be known. This method 
proves in practice to be much more accurate than that based on resistance 
measurements (R’) but less accurate than those based on optical measure- 
ments (C’) or on total radiation (W’). Unfortunately it cannot be used 
when the filament is surrounded by gas. 

(k) and (l) The two functions C/(Vd?) and “C/R/d can be used to 
measure the temperature of filaments of unknown length but in most 
cases (j) will be found more convenient. However, when the filament is 
surrounded by a gas (j) is not applicable and in this case ”C/R/d could 
be profitably used to measure temperature. : 

(n) (VA)/I. This function proves very useful in estimating the 
temperature of filaments of varying diameter. For example, if it is 
desired to measure the rate of evaporation of a filament, or the rate of 
attack by a gas at very low pressure, the filament can be maintained at 
constant temperature by maintaining VY A constant, even when the 
diameter changes considerably. It also proves useful in estimating (by 
purely electrical measurements) the temperature of a filament in a sealed 
bulb. In this case the diameter often cannot be determined accurately 
but the length of the filament can be determined by cathetometer 
measurements. : 

This function is not applicable to filaments surrounded by gas. 

(0) and (p) (“ CV?)/l, C/(A4l). These functions have as yet not found 
any application. 


1 Puys. REv., 27, 183 (1908). 
2 Langmuir, Physik. Zeitsch., 15, 516 (1914). 
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(q) (¥ C2R) /l. This function can be used in place of (VA) /I for 
filaments of varying diameter when surrounded by a gas at relatively 
high pressure. With sufficient gas pressure convection currents carry 
away the evaporated material to a part of the bulb where it does not 
interfere with candle-power measurements. It may also be used for 
measuring the temperature of filaments (not helically wound) of unknown 
diameter in gases. 

(r) Thermal Expansion.—This function can be used as an approximate 
measure of temperature. The change of length of a single loop filament 
can be determined fairly accurately by a cathetometer, so that the 
temperature may be readily found within 30—50° at 2500°. 


EXPERIMENTAL MEASUREMENT OF CHARACTERISTICS. 


The following general plan was adopted in the experimental study of 
the characteristics of tungsten filaments. 

Specially constructed lamps with carefully measured long single loop 
filaments were thoroughly aged by running the filaments at 2400° K. for 
24 hours after which they were set up in front of a Holborn-Kurlbaum 
pyrometer. The volts and amperes were thus obtained as functions of 
the temperature. The lamps were then measured on the photometer, 
and the candle power per cm. of length was determined by photometer- 
ing through a measured horizontal slit. 

From these data V’, A’ and C’ were calculated as functions of the 
temperature and from these R’, W’ and W/C were obtained. 

Lamps Used.—About 20 special lamps were constructed having cylin- 
drical bulbs 7-9 cm. in diameter. The leads were of very large size 
(.05 cm. platinum for the smaller filaments, and .08 cm. tungsten for the 
larger sizes) so that the total lead resistance, obtained by subsequently 
welding together the two leads, averaged only .017 ohm. The filaments, 
in the form of single hair-pin loops, were electrically welded to the leads 
in such a way that the filament close to the lead was straight, and the 
junction of the lead and the filament was sharply defined. The lengths 
of the filaments were carefully measured after they were welded to the 
leads, but before they were sealed into the bulbs. 

Tungsten Wires.—Twelve different samples of tungsten wire were 
used. Of these, six were regular samples of commercial wire, used in 
the manufacture of lamps. Four out of these six contained thorium 
(thoriated tungsten). 

The remaining six samples were special experimental lots of wire drawn 
down from three different rods. Two of the rods were made by the Pacz 
process, and were of an unusually high degree of purity. The other rod 
was made of pure tungsten to which thorium oxide had been added. 
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The diameter of the wires ranged from .0028 to .0252 cm. 

Measurement of Diameters.—Experience with many ways of measuring 
diameter has finally resulted in the adoption of calculation from the 
density and weight per unit length. The density of drawn tungsten wire 
(as taken from the spool) ranges from 18.4 to 19.0, but recent measure- 
ments on the filaments of lamps which have run 24 hrs. or more shows 
that the density nearly always lies between 18.9 and 19.1, with an average 
of 19.0. These measurements were made by weighing the filaments in 
air and in bromoform. Since it is the diameter of the wire after running 
in the lamp that is wanted, the value 19.0 has been chosen for the density 
in the calculation of the diameter. 

The diameter in cm. is thus given by the formula (w = mg. per cm.). 


(11) d = .008186/ w. 


The diameters obtained this way for wires which have been run in 
lamps agree within the experimental error with measurements made 
with a micrometer. 

Pyrometer.—The pyrometer was the same as that described in con- 
nection with the determination of the melting-point of tungsten (J. c.). 

Before undertaking the study of the characteristics of tungsten fila- 
ments the pyrometer was carefully recalibrated. 

For this purpose Hyde’s value \ = .664 u for the effective wave-length 
of the red screen (double thickness of Schott & Gnossen’s red glass No. 
4512) was taken instead of the value! \ = .667 previously used. Slight 
errors of 0—-12° at high temperatures were found in the calibration curve 
giving the relation between pyrometer current and true temperature. 
Although the new calibration curve differed very little from the old, 
yet by its aid the results obtained with different screens (red or green) 
or sectors agreed among themselves better than before.? 

In calibrating this pyrometer for true temperatures it was assumed: 
First, that the melting-point of gold is 1335.4° K. Second, the emissivity 
of tungsten (for \ = .664 4) is 0.46. Third, the bulb absorption was 
9 per cent. and fourth, the constant C; of the Wien equation is 1.4392. 

Photometer Measurements.—A Lummer-Brodhun constant illumination 
photometer was used. In most of the work an illumination of 57 candle 
meters was used, but with filament temperatures below 1900° K. it was 
necessary to use lower illuminations. In photometering the filaments 

1 Puys. REv., 6, 70 (1915). 

2 The temperatures obtained with the new calibration are on the whole slightly higher than 
with the old. The values for the melting-point of tungsten previously obtained ranged 


from 3530-3566°. The present recalibration would indicate that the higher values are prob- 
ably correct, so that the most probable value for the melting-point would seem to be 3570° K. 
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at very high temperatures, the large difference in color between the fila- 
ment and the standard lamp was avoided by inserting a blue glass screen 
between the standard lamp and the photometer head. The transmission 
coefficient for this screen was determined in this laboratory by the use 
of a flicker photometer. It was also calibrated for us through the kind- 
ness of Dr. Ives, by the use of his physical photometer.' The results 
by the two methods were practically identical. 

The object of the photometer measurements was primarily to determine 
the intrinsic brilliancy of the filaments in candles per sq. cm. To avoid 
uncertain corrections due to the cooling effects of the leads, a slit, usually 
2.5 cm. wide, was placed horizontally in front of and close to the lamp 
to be photometered. The intrinsic brilliancy was then found by dividing 
the observed candle power by the effective area of the filament. This 
effective area was calculated as follows: The effective length of the filament 
was taken as twice the width of the slit multiplied by the ratio of the 
distance of the filament from the photometer head to that of the slit 
from the photometer head. The effective area was then obtained as the 
product of the effective length by the diameter. Of course care was always 
taken that the two portions of the filament seen through the slit were 
as nearly straight and parallel as possible. Correction was made, when 
necessary, for any lack of parallelism. 

Electrical Measurements.—The volts and amperes taken by the lamps 
were measured by “laboratory standard ”’ instruments which were cali- 
brated both before and after the measurements. Corrections were made 
for the current taken by the voltmeter and for the resistance of the leads 
of the lamps (usually about .017 ohm). 

Correction for the Cooling by Leads.—As indicated above, the candle- 
power measurements were made in a way which eliminated any effect 
due to leads. The voltage measurements, however, were influenced by 
this cause, since the cooling of the ends of the filaments lowered the 
resistance. To determine the necessary correction, the temperature of 
the filament at two or three points near the leads was determined. From 
these data, by methods which will be described in a subsequent paper,? 
the correction was found which should be added to the observed voltmeter 
reading in order to eliminate the effect of the leads. In all cases this 
correction was approximately equal to 


.00026 (T — 300) volts, 


where T is the temperature (° K.) of the central portion of the filament. 


1 Puys. REv., 6, 319 (1915). 
2 See also Worthing, Puys. REv., 4, 538 (1914). 
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This correction is independent of the diameter of the filament in case the 
size of the lead bears a fixed ratio to that of the filament. 

Preliminary Treatment of Filaments.—While the lamps were being 
exhausted the filaments were heated for one minute to a temperature of 
about 1500°. This treatment causes the evolution of an amount of gas 
(mostly carbon monoxide) which measured at atmospheric pressure is 
usually about 3 to 6 times the volume of the filament. There is also a 
simultaneous change in the filament whereby its cold resistance is lowered 
15 to 20 per cent., and the temperature coefficient of its resistance increased 
by a like amount. Longer or more severe heat treatment causes the 
evolution of only insignificant quantities of gas.! 

After sealing off from the pump, the characteristics of the lamps were 
studied and the temperatures were determined by the pyrometer. The 
observations were made at gradually increasing temperatures up to about 
2600° and then a series of measurements at descending temperatures 
was made. When the observations with the descending temperatures 
are compared with the initial measurements at 1100 to 1500° it is found 
that at a given temperature the watiage decreased 30 to 50 per cent., 
whereas the resistance suffered little if any change. The effect of the first 
heating to 2600° is thus to decrease the total emissivity. 

The filaments were then heated to 2400° K. for twenty-four hours 
before studying the characteristics. This heating produced a slight 
further decrease in emissivity and a slight (2 to 4 per cent.) decrease in 
resistance. More prolonged heat treatment than twenty-four hours 
produces (with drawn wire filaments) only very gradual changes. These 
changes may be of three kinds: First a roughening of the surface with 
slight increase in emissivity; second, a decrease in cross-section by 
evaporation and consequent increase in resistance of the filament, and 
third, a gradual elimination of traces of impurities by distillation, ac- 
companied by a corresponding decrease in specific resistance. 

With filaments of very large diameter the last of these processes takes 
place rather slowly, but with filaments up to 0.1 or 0.2 mm. diameter 
the change is nearly complete in twenty-four hours. The time of twenty- 
four hours was chosen for the heat treatment in these experiments 
because, if the time is extended beyond this, the changes due to the 
evaporation of tungsten and the resulting darkening of the bulb, are 
liable to more than offset the changes in resistance due to the elimination 
of minute traces of impurities. 


1 If the bulb has not been well baked out, or if stop-cocks (grease!) are used in the system 
the continued heating of the filament will, by the decomposition of water-vapor or hydrocar- 
bons, cause the slow evolution of apparently unlimited quantities of gas. (See J. Amer. Chem. 
Soc., 35, 105 (1913). 
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EXPERIMENTAL RESULTS. 


Volt-Ampere Characteristics.—With each lamp tested the readings of 
volts and amperes for about 30 to 50 pyrometer settings from 1050 up 
to 3540° K. were obtained. Up to temperatures of about 3000° K. 
the changes in the filament and the blackening of the bulb occurred so 
slowly that readings could be taken without haste. For higher tempera- 
tures than this the readings were taken at greater intervals (usually about 
100° apart) and were made as quickly as possible, and after each reading 
the volts and amperes were redetermined at one or two lower temperatures 
(about 2400 and 2600° K.). From these data it was possible to calculate 
the change in diameter of the filament (due to evaporation) and the 
amount of absorption of light by the bulb. This calculation was made 
by the aid of the function V“A/l. We have seen that this function for 
any given filament temperature is independent of the diameter of the 
filament. The relation between VA and temperature was plotted 
from the data obtained before the lamp was run up to 3000°. This 
curve could be used to determine the true temperatures even after the 
filament had lost material by evaporation. By then comparing the 
observed pyrometer reading with the calculated true temperature, the 
bulb absorption was determined. Knowing the bulb absorption it was 
then possible to determine the true temperature when the filament was 
subsequently raised again to a temperature above 3000° K. 

In this way it was found practicable to study the characteristics of 
the filaments in vacuum right up to the melting-point of the filaments. 
Although in some cases corrections as large as 250° (at 3500°) needed 
to be applied for the effect of bulb absorption, yet it is felt that the accu- 
racy with which such corrections could be made was so high that the 
uncertainty in the final result was not over 30 to 40° (at 3540° K.). Asa 
matter of fact the agreement between the results obtained with different 
lamps was considerably better than this. 

From the observed values of volts and amperes (corrected for lead 
resistance, etc.) the values of the functions V’ and A’ were found from 
the known lengths and diameters. The logarithms of these functions 
were then plotted on a large scale against log JT. The points from all 
the lamps tested were found to lie very closely along a smooth curve. 
The average deviation of the points from the smooth curve was found to 
be about 0.2 per cent. in temperature (both for V’ and A’). For filament 
temperatures above 1200° K. the maximum departure of any of the 
observations was I.2 per cent. in temperature. The small deviations 
which did occur were not all irregular, for certain lamps tended to give 
low values while others gave consistently high values (within the above 
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mentioned limits). No relationships, however, could be traced between 
these deviations from the mean and the diameter or other characteristics 
of the wire. 

The values of log V’ and log A’ obtained from the smooth curve de- 
scribed above from 1300° up to 3540° have been tabulated in Table L., 
together with the corresponding values of V’ and A’. For temperatures 
below 1300° the uncertainty in the cooling effect of the leads and the dif- 
ficulties in the accurate temperature measurements have made the 
results of the direct experiments less trustworthy, so that the character- 
istics below 1300° have been determined by another method which will 
be described later. 

The values of W’, R’ and V’A’ given in Table I. have been obtained 
directly from V’ and A’. 

Candle-Power Data.—To determine the relation between candle power 
per sq. cm. and temperature, three lamps were studied. Two of these 
were nitrogen-filled lamps with large (0.6 mm. diam.) single loop, straight 
(not helically wound) filaments, and the third was a vacuum lamp with a 
single loop filament, 0.25 mm. diameter. By the use of nitrogen-filled 
lamps it was possible to determine the relation between temperature and 
candle power up to temperatures of 3100° K. without any blackening of 
the bulbs or any permanent change in the characteristics of the filament. 


TABLE II 


Experimental Values of C’ 
C 


Temp. Candles per Sq.Cm. Ratio C|Ly- 
1400 -109 216.2 
1500 381 235.8 
1600 1.101 245.2 
1700 2.824 253.4 
1800 6.493 260.4 
1900 13.43 262.0 
2000 25.67 260.4 
2100 46.85 262.8 
2200 81.33 265.2 
2300 133.3 262.6 
2400 208. 260.8 
2500 318.0 261.4 
2600 470.5 262.4 
2700 677. 263.4 
2800 949. 264.2 
2900 1295. 263.8 
3000 1733. 263.4 
3100 2273. 262.8 





Average... .. 262.7 
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At low filament temperatures irregularities occur in the convection 
losses from the filaments of gas-filled lamps. It was to avoid these, and 
to find whether the nitrogen exerted any effect on the emissivity that the 
vacuum lamp was studied. 

The values of log C’ obtained from the three lamps were plotted against 
1/T. A smooth curve (not far from a straight line) was passed as nearly 
as possible through the points. The average departure of the points 
from the smooth curve was about 0.15 per cent. in temperature, and the 
maximum departure of any of the points was 0.8 per cent. in temperature. 

The values of C’ taken from the smooth curve for every hundred degrees 
from 1400 to 3100° are given in the second column of Table II. 


DISCUSSION OF EXPERIMENTAL DATA. 


It will be of interest to compare the results of the above experiments 
with the data of other investigators. This will also have the advantage 
that it will enable us to extend our data on the characteristics of tungsten 
filaments down to temperatures below 1300° K., where our experiments 
gave unreliable results because of the cooling effects of leads and the dif- 
ficulty of measuring temperatures by the optical pyrometer. 

The ratio of hot to cold resistance for tungsten filaments has been 
determined by Somerville,! Pirani,? and Corbino.* 

From these data it is possible to calculate R’ provided we know the 
specific resistance of tungsten at room temperature. 

Specific Resistance of Tungsten.—Fink,' has given the specific resistance 
of tungsten at 25° C. as 5.0 X 10-® ohm-cm. units, and its temperature 
coefficient between 0° and 170° as .0051. Thus at 0° C. according to 
Fink the specific resistance would be 4.43 X 10-§ ohm-cm. More recent 
measurements made in this laboratory of the specific resistance of well- 
aged tungsten filaments have given at 0°, 5.0 X 10~® ohm-cm. 

The temperature coefficient from 0 to 300° is found to agree well with 
Fink’s value, 7. e., .0051. 

We have seen that the function R’ is equal to 4/7 so that we may place 
at o° C. R’ = 6.37 X 107°. 

At higher temperatures we may now calculate R’ from Somerville’s, 
Pirani’s and Corbino’s data by simply multiplying their values of the 
ratio of hot to cold (0° C.) resistance: by the above value for R’ at 0° C. 
In this way the results given in the second, third and fourth columns of 
Table III. have been obtained. 


1 Puys. REV., 30, 433 (1910). 
2 Verh. deutsch. Phys. Ges., 12, 301 (1910), and Phys. Zeit., 173, 753 (1912). 
3 Phys. Zeit., 13, 375 (1912). 

4 Trans. Amer. Electrochem. Soc., 17, 229 (1910). 
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’ In our own experiments on the characteristics of tungsten filaments 
we have measured R’ from 1300° K. up to 3540° K. and from 273° K. 
to 600° K. The agreement with Somerville’s results at low temperatures 
is excellent, while at high temperatures the results agree with Pirani’s. 
At lower temperatures Pirani’s values appear to be too low. 

To fill in the gap in our measurements between 600° and 1300° the 
values have been chosen by interpo!ation between the higher and lower 
values, laying due weight on the results of Somerville and Pirani. 

Corbino’s results above 1700° are too low, probably due, as Pirani has 

pointed out! to failure to correct for the cooling effect of the leads. 





TABLE III. 
| Comparison of Values of R'. 














i | Somerville. | Pirani. | Corbino. Langmuir. 
273—Cs«C 6.37 | 6.37 ae 6.37 
300 | 7.24 | 7.24 —_— 7.24 
400 | 10.45 10.06 — 10.43 
| 500i 13.76 13.19 ae 13.76 
600 | 17.4 | 16.5 — 17.23 
| 700 20.8 20.0 — 20.83 
800 24.5 23.6 — 24.55 
900 | 28.2 | 27.4 —_— 28.36 
1000 | 31.7 31.2 | — 32.24 
1100 | 35.6 35.2 | — 36.20 
1200 | 40.1 39.2 — 40.23 
| a 
1300 | 45.4 | 43.3 | —_— 44.34 
1400 | — 47.3 | —— 48.52 
1500 —- 51.5 a 52.77 
1600 = 56.1 — 57.13 
1700 | —= 60.8 60.2 61.61 
1800 | a 65.6 64.5 66.19 
1900 | — | 70.6 | 68.5 70.89 
2000 —— | 75.5 | 72.8 75.67 
2100 — 80.5 | 76.9 80.52 
2200 — | 85.5 | 81.2 85.41 
2300 — 90.5 | 85.4 90.34 


The values of R’ obtained as above (from 300 to 1300°) have been 
| inserted in Table I. 
F The specific resistance of tungsten at any temperature may be obtained 
| by multiplying the corresponding value of R’ by 7/4. A table of specific 
resistances calculated as above has been published.’ 


1 Phys. Zeitsch., 13, 753 (1912). 
2 Puys. REV., 7, 154 (1916). 
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Total Emissivity.—Planck’s law (Equation 7) gives J, the energy of 
wave-length \ radiated from a black body. The total energy W’ radiated 
from a tungsten filament one cm. in diam. and one cm. long is then 


(12) W’ = ¢ | E,J,dx. 
0 


On the other hand, by the Stephen-Boltzman law we may place 
(13) W’ = rEoT*', 


where E is the total emissivity and the constant o@ is equal to 5.633 X 10” 
watts per sq. cm. 

The values of E, above 1200°, given in Table I. have been calculated 
from the corresponding values of W’ by means of this equation. 

For the lower temperatures (up to 600° K.) the value of E has been 
calculated by a formula given by Foote,! namely, 


(14) E = 0.5736” pT, 


where p is the resistivity of ohm-cm. 

The results obtained from this equation for the higher temperatures 
do not agree at all well with the values found from our experiments, as 
may be seen from the following comparison. 


TABLE IV 
7 By Foote’s Formula. From Table I. 
1200 -1118 -1435 
1600 21537 -2170 
2000 -1978 .2785 
3000 3125 3941 


The failure of Foote’s formula at the higher temperatures is to be 
expected if we take into account the work of Rubens and others on the 
temperature coefficient of the emissivity of metals. Rubens? by a study 
of the emissivity of platinum, platinum-rhodium, nickel and constantan 
at different temperatures, concludes that for wave-lengths below 2 yu 
the temperature coefficient of the emissivity is negligible or at least very 
small, whereas for wave-lengths greater than 6 uw the emissivity may be 
calculated accurately by the Hagen-Rubens formula 


(15) E, = .365)*- 


For these longer wave-lengths the temperature coefficient of the emis- 
sivity is thus one half that of the electrical resistivity. 


1 Bull. Bur. Stand., zz, 607 (1915). 
2 Verh. deutsch. Phys. Ges., 12, 172" (1910). 
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Between the limits of 2 and 6 » Rubens finds that the transition from 
one type of temperature coefficient to the other occurs gradually. 

Investigations on many different metals during the last few years have 
shown that the Hagen-Rubens formula is universally applicable for the 
longer heat rays, whereas in the visible spectrum the emissivity seems to 
be determined by totally different causes and is, in general, very nearly 
independent of the temperature. 

The Foote formula for the total emissivity is derived from the Hagen- 
Rubens equation and should therefore be applicable only where most of 
the energy radiated is limited to wave-lengths for which the emissivity 
is given by the Hagen-Rubens equation. Since the wave-length of 
maximum energy emission is about 5 u for a black body at 600° K. and 
is about 2 4 at 1500° K. we should expect the Foote equation to apply 
quite accurately up to about 500 or 600° K. but above this temperature 
the Foote equation should give low values, and at temperatures as high 
as 1500° K. it should be nothing more than a rough approximation. 
This seems to be borne out by the experimental data. 

In order to obtain values for the emissivity at temperatures between 
600° and 1200° recourse has been taken to interpolation between Foote’s 
formula at lower temperatures and the experimental data at the higher 
temperatures. The results obtained in this way have been entered in 
Table I. 

The uncertainty involved in this interpolation probably does not exceed 
five per cent. in any single value given for the emissivity. 

From the data on the total emissivity the values of W’ for temperatures 
below 1200° were calculted by means of equation (13). At the lower 
temperatures, however, “‘ back radiation ’’ was taken into account so 
that W’ was actually calculated from the equation 
(16) W’ = wo(ET* — EqT¢*). 

Here 79 is room temperature which is taken to be 20° C. (JT) = 293). 

Ep is the total absorption coefficient of a filament at a temperature T 
for energy radiated by a black body at To, that is, at 293°. Since the 
wave-length of the energy radiated at room temperature is longer than 
64 Hagen and Rubens’s formula should apply and we may therefore 
consider that Ep increases in proportion to “ p. For T= 293 we may 
place Ey = E and may thus calculate Ey from Foote’s formula. 


(17) Eo = 0.0230“ p/po, 


where po is the resistivity at 293°. 

The values of W’ from room temperature up to 1200° have been cal- 
culated from equations (16) and (17). The functions A’, V’, etc., for 
these temperatures have been calculated from W’ and R’. 
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Total Intrinsic Brilliancy.—It will be of interest to compare the ex- 
perimentally determined candles per sq. cm. (Table II.) with the results 
of the calculation of this quantity from the Planck equation and visibility 
function according to equation 8. 

For this purpose we take the constants of the Planck equation to be 


Ci 
C2 = 1.4392 cm. 


3.721 X 10” watts per sq. cm., 


These values, according to Planck’s theory, correspond to the following 
values of the fundamental constants h, N, and o! 


h = 6.580 X 10-* ergs. sec., 
N = 6.062 X 107, 
o = 5.633 X 10-” watts per sq. cm. 


Nutting’s? visibility data has been chosen since Ives’ considers this more 
accurate than his own. 

From these data the light (in watts per sq. cm.) radiated from a black 
body has been calculated by the equation 


(18) a { V,J,dX. 


The integration was performed by the aid of Simpson’s one third rule 
using 35 ordinates at each temperature. The calculations were carried 
out to four significant figures and the results should be accurate to 0.2 
per cent. The values of Lz obtained in this way are given in Table V. 

Similar calculations of the light radiated from tungsten were then 
made by the same method. For this purpose the emissivity of tungsten 


TABLE V 


Light Radiated from a Black Body and from Tungsten in Watts/Cm.2 Calculated from the 
Planck Equation and Nutting’s Visibility Data. 


T L L Ww 


°K, Black Body. Tungsten. 
1000 -00000109 -000000532 
1300 .000269 -000132 
1500 -00329 .001615 
1750 .03429 .01687 
2000 -2000 .0986 

2500 2.458 1.216 

3000 13.26 6.580 

3500 44.98 22.34 


1 Dushman, Gen. Electric Rev., December, 1915. 
2 Trans. I. E. S., 9, 633, (1914). 
2 Puys. REV., 5, 287 (1915). 
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E, was taken to be 0.46 for \ = .66y and 0.50 for \ = 0.55 while for 
other wave-lengths in the visible spectrum the emissivity was obtained 
by linear interpolation or extrapolation from these values.' 

Thus the light radiated from tungsten was obtained by the equation 


(19) Lw _ { E,V,J,dx. 


The values of Ly have been recorded in Table V. 

The quantity Ly should be proportional to C’ the candles per sq. cm. 
found by experiment. In Table II. the ratio of C’ to Lw has been tabu- 
lated.2 It isseen that at temperatures above 1900° the ratio is very nearly 
constant. The absence of any systematic error is an excellent confirma- 
tion of the correctness of the pyrometric measurements. At temperatures 
below 1900° the ratio of C’ to Lw decreases considerably. This, however, 
is to be expected, for it was necessary to work with very low field illu- 
minations (even as low as 0.2 meter candles) at the lower temperatures, 
and under these conditions it is well known that the Purkinje effect 
tends to give low values in the measurement of red light. We are there- 
fore justified in discarding the measurements made below 1900°. The 
average of the remaining values of the ratio gives 

"eg 
(20) —— = 262.7. 
Lw 

The mechanical equivalent of light may be obtained from this ratio 

by equation 8: 
Lw 

(21) M = —,; = .0o121 watt per lumen. 
aC 

This value is considerably lower than the latest value of this constant 
given by Ives and Kingsbury,’ namely .o0159. Nutting‘ gives the value 
66.2 candles per watt which corresponds to .00120 lumen per watt, and 
this he considers is uncertain within about five per cent. 

Ives’ has previously calculated the mechanical equivalent by the 
method given above, using Nernst’s® data for the intrinsic brilliancy of 
a black body. This result, recalculated according to more recent visi- 

1 The value 0.46 is taken from the author’s paper on the melting-point of tungsten (I. c.). 
The slope of the curve Ey (A) was taken from Coblentz (Bull. Bur. Stand., 7, 198 (1911)). 

2 For this purpose the values of Lw for temperatures other than those given in Table V. 
were found by interpolation. This could be done with high accuracy since log Lw is very 
nearly a linear function of 1/T. 

3 Puys. REv., 6, 319 (1915). 

4 Trans. I. E. S., 9, 633 (1914). 

5 Electrical World, 1911, p. 1565. 

6 Phys. Zeit., 7, 380 (1906). 
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bility data! leads to the value .00125 watt per lumen. Ives suggests 
that the discrepancy between this value and .00159 may be due to a failure 
of the Planck equation for short wave-lengths. 

It should be noted that the value .oo121 obtained from the experiments 
described in this paper does not depend to any great extent upon as- 
sumptions as to the emissivity of tungsten. This is clear when we con- 
sider that an error in emissivity would affect the temperatures obtained 
by the pyrometer in such a way as to offset the change in the brilliancy 
calculated by equation I9. 

The ratio C’ : Ly in Table II. is so nearly constant that we may use 
it to calculate C’ from Ly with a higher accuracy than that of the original 
values of C’ given in the table. 

The values of C’ given in Table I. have therefore been obtained from 
the corresponding values of Ly by multiplying them by 262.7, the mean 
value of C’/Ly. 

In a similar way we may obtain the intrinsic brilliancy of a black body 
in candles per sq. cm. from the corresponding value of L, by multiplying 
these by 262.7. Results obtained this way are given in the second 
column of Table VI. 

There have been several other determinations of the total intrinsic 
brilliancy of the black body, and it will be of interest to compare some 
of these with the above results. 

In a recent publication Pirani? calculates the intrinsic brilliancy by a 
similar method to that which we have used. He chooses for the constants 
of the Planck equation 


C, = 3.5 X 10-” watts per sq. cm., 
C2 


and he uses Ives’s visibility data. In this way he finds the slope of the 
curve (log C against 1/7), and then in order to fix the position of the curve 
takes the value 1 Hefner candle per sq. cm. as the brilliancy of a black 
body at 2090° K. This value he obtains by extrapolation over a range 
of 400° from some data given by Lummer and Pringsheim in rgotr. 

In the third column of Table VI. are given Pirani’s results converted to 
international candles per sq. cm. 
At low temperatures Pirani’s values for the brilliancy are 10 to 20 per cent. 
higher, and at high temperatures as much as 15 per cent. lower than those 
we have calculated. Both sets of values are calculated from the Planck 
Equation and visibility data. The discrepancy cannot be accounted 


1.440 cm., 


1 Puys. REV., 5, 273 (1915). 
2 Verh. d. D. Phys. Ges., 13, 219 (1915). 
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TABLE VI 


Brilliancy of Black Body (Cg). 
International candles per sq. cm. 











i Langmuir, | Pirani. | Nernst. nis - 
1300 .0706 086 | 0482 —26. 
1400 | .270 | .306 .199 —2. 
1500 864 .936 | 648 —26. 
1600 2.40 | 2.52 | 2.01 —18. 
1700 | 5.95 6.03 | 5.19 —16. 
1800 | 13.3 | 13.23 | 12.1 — 13. 
1900 | 27.3 | 27.9 | 25.7 — 9. 
2000 52.5 53.1 | 50.8 — §. 
2100 94.9 94.5 94.1 =- 2. 
2200 163. | 153. | 164.7 + 2, 
2300 | 270. 252. 275.0 + 4. 
2400 | 424. | 414, 439. + 8. 
2500 646. | 630. | 674. +10. 
2600 951. | 900. 1,000. +13. 
2700 1,362. | 1,260. | 1,450. +17. 
2800 1,904. | 1,800. 2,040. +21. 
2900 | 2,600. | 2,430. 2,810. +25. 
3000 | 3,485 (3,330. 3,780. +29, 
3100 | 4,579. 5,000. +33. 
3200 | 5,920. | 5,040. | 6,480. +36. 
3300 7,580. | 8,280. +37. 
3400 | 9,515. 8,280. 10,430. +41. 
3500 11,820. 12,960. +43. 








for by the slightly different values chosen for the constant C2 nor does 
the fact that Pirani chose the Ives instead of the Nutting visibility curve 
account for the difference.! 

The difference between the Pirani and Langmuir values for C,’ would 
seem to be caused by insufficient accuracy in the graphical methods 
used by Pirani in determining the area of his curves. 

Nernst? has given the following relation between the temperature and 
the brilliancy of a black body: 

(22) _ 5-367 — logi K 
where K is the brilliancy in Hefnerkerzen per sq. mm. If we express 
the brilliancy in international candles per sq. cm. this becomes 


1In order to determine how much the values of Cg would be changed by using Ives's 
visibility data in place of Nutting’s, the values of Lg (Table V.) were recalculated from Ives’s 
data. The new values were found to be uniformly 5.8 per cent. higher than those given in 
Table V. Thus the use of Ives’s data cannot account for the fact that the Pirani and Lang- 
muir curves (Table VI.) cross each oiher. 
2 Phys. Zeit., 7, 380 (1906). 
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11230 
T = = “ee 
7.321 — logio Cz 





(23) 


The values given in the fourth column of Table VI. are calculated by 
means of this equation. 

Until recently the temperature scale used in this laboratory has been 
based on this Nernst equation. The corrections that should be applied 
to this temperature scale to reduce it to the new scale are given in the fifth 
column. These figures may be used to correct temperature data which 
have been given in various publications from this laboratory. In most 
cases the errors involved are within the experimental error. 


CoLor OF LIGHT RADIATED BY TUNGSTEN. 


A series of experiments was undertaken to determine whether the 
light radiated from tungsten differs materially in color from that radiated 
by a black body. A helix was formed by winding a 20 mil tungsten wire 
on a 40 mil mandrel using a 20 mil spacer. This filament was sealed into 
a bulb which was then filled with nitrogen. A very much enlarged image 
of the heated filament was thrown on a white screen and by means of a 
Weber portable photometer the intensity and color of various parts of 
the image were determined. 

The intensity of the light coming from the interior of the helix was from 
1.5 to 1.8 times as great as that coming from the outer portions. The 
color of the light from the interior was distinctly redder than that from 
the outside. By first color-matching the interior of the helix against 
the photometer lamp and then increasing the current through the helix 
until the outer portions gave a color-match with the photometer, it was 
possible to determine the difference in color quantitatively. 

If we take the emissivity of tungsten for white light to be 0.50 and 
assume that the inner portion radiates like a black body, then the ratio 
of the brilliancy of the inner and outer portions should be 2.0. Actually 
the observed ratio as found by the photometer was less than this (1.5 to 
1.8) showing that strictly black-body conditions did not obtain. The 
observed difference in color between the inner and outer portions was 
therefore corrected for this lack of blackness as measured by the ratio of 
brilliances. 

Two methods may be used in making this correction: First, it may be 
assumed that the light from the interior is the light emitted from a 
tungsten surface which has been reflected m times before escaping. On 
this assumption 

As —logE 
(24) i ton * 
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where A, is the observed difference in color between the inner and outer 
parts (m reflections), Az is the difference in color which would exist if the 
inner parts radiated like a black body (” = «), R is the observed ratio 
of brilliancy and £ is the emissivity of tungsten. 

Second, it may be assumed that the light from the inner parts is a 
mixture of light from some parts which radiate as a black body, with 
light from other parts which radiate like an exposed tungsten surface. 
On this basis we find: 

Ao - I1-E 
(25) Vere) 


where the symbols have the same meaning as before. The corrections 
actually used were obtained by averaging those obtained by the two 
methods. The corrections in most cases amounted to 20 to 40 per cent. 
The results obtained in this way are given in Table VII. 











TABLE VII. 
Tw | Tp Tp—Tw | = 
ar 

1800 1841 41 — 5,900 
2000 | 2050 | 50 | —5,800 
2200 2257 57 — 5,500 
2400 2464 64 —5,100 
2600 2672 72 —4,900 
2800 2877 77 — 4,500 
3000 3082 82 — 4,200 
3200 3285 85 — 3,800 





In this table 7, is the temperature of a black body which will give 
light of the same color as that emitted by a tungsten filament at the 
temperature Ty. 

No great accuracy is claimed for these results; the differences in tem- 
perature, 7, — Ty, may be in error by 20 or 30 per cent. But, in con- 
trast to the conclusions of Paterson and Dudding!' these results show 
definitely that there is a distinct difference in color between the light 
from a tungsten filament and from a black body of the same temperature. 

This difference in color is evidence that tungsten is not a gray body. 
Tungsten even in the visible region of the spectrum is a selective radiator 
giving a larger proportion of blue light than a black body. The energy 
distribution in the visible spectrum of a black body is given by Wien’s 
equation. If E, be the emissivity of tungsten for the wave length \, 
the energy distribution of the light emitted by a tungsten filament will 


1 Loc. cit. 
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therefore be 
C, 


(26) Jw = CiE,\—e *7w, 


where 7, is the true temperature of the tungsten. 

Experimentally it has been found that the color of the light emitted 
by tungsten is the same as that emitted by a black body at a slightly 
different temperature T,. The energy distribution from the black body 


1S 
Ce 


(27) J, = Cre 8, 


Since the tungsten filament and the black body are of the same color, 
although not of the same brilliancy, the ratio of Jy to J, must be constant 
for all wave lengths in the visible spectrum. It is thus possible to obtain 
from (26) and (27) the relation 


d(InE,) cs ( I I 
(28) ad ~AT, T,!° 
We have seen that T, — Jy is small compared to Ty so that we may 
place approximately 
(29) ado wre * 





From this equation, with the data of Table VII., we may calculate the 
emissivity of tungsten for one wave-length if we know it for another 
wave-length. Let us place Cz = 1.439, \ = 550 X 1077 cm. and take 
Tw — T, from Table VII. 

The values of (d/d\)lnE, thus found by (29) are given in the fourth 
column of Table VII. Since this quantity varies with the temperature 
it must follow that the emissivity of tungsten varies with the temperature. 
How large must this variation be in order to account for the figures ob- 
tained? If we assume that E, = 0.46 for \ = 0.664 at 2400° K. 
then we may calculate the value of E, at 2400° K. for other wave-lengths 
by integrating (29). The resulting values are given in the third column 
of Table VIII. 

It is probable from Rubens’s work that the variation of the emissivity 
with temperature occurs mostly in the region of longer wave-lengths; so 
that we may safely consider that the temperature coefficient of E, for 
\ = 0.4 micron is negligible. We thus obtain E, = 0.525 at \ = 0.4 
for all temperatures. Then by (29) we may calculate E, at these tem- 
peratures for other wave-lengths. The results at 1800° and 3000° are 
given in Table VIII. 

The change in emissivity with wave-length is in fairly good accord 
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TABLE VIII. 


Emissivity Ed of tungsten as a function of wave-length and temperature as calculated from the 
color of the emitted light. 


a 1800° K. 2400° K. 3000° K, Coblentz 





(Microns). 300° K. 
0.7 0.440 450 | 463 460 
0.664 0.449 (460) 470 | 
0.60 0.465 A75 | 483 487 
0.55 0.480 486 | 494 | 
0.5 0.495 498 | 503 | 507 
0.4 (0.525) 525 | (.525) | 530 

















with the measurements of Coblentz,! which are given in the fifth column 
of Table VIII. 

The variation of E, with temperature indicated in the table is so slight 
that it does not materially affect our temperature scale which has been 
based on the assumption of constant emissivity. The accuracy of the 
results given in Table VIII. is probably not high, so that it is not desirable 
at present to correct the temperature scale for these rather small varia- 
tions. The changes are in such a direction as to make the true tempera- 
ture scale lie somewhere between the Nernst and the Langmuir scales 
given in Table VI. Thecorrections in the last column of this table should 
therefore probably be reduced to about one half the values given. 


THERMAL EXPANSION OF TUNGSTEN. 
By cathetometer measurements of the length of a tungsten filament 
_at temperatures from 1200° to 2500°, the following relation has been 
found, / being the length at 300° K. 
T — 300 
1000 


— 300\? 


) + ag FZ 


Al 
(30) T = 100245 ( 
This equation is probably accurate within two or three per cent. 


SUMMARY. 

The contents of this paper are briefly as follows: 

1. A discussion of the various functions that may be used in estimating 
the temperature of tungsten filaments. 

2. Experimental data (see Table I.) on the volt-ampere-candle-power 
characteristics of tungsten filaments as functions of temperature and the 
dimensions of the filament. Derived functions such as watts, ohms 
and watts per candle are also given. These data cover the range of 
temperature from room temperature up to the melting point of tungsten. 
All the data are corrected for the cooling effects of the leads. 

1 Bull. Bur. Stand., 7, 197 (1911). 
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3. Data on the specific resistance of tungsten from 300° K. to 3540° K. 
The specific resistance may be obtained by multiplying the values of R’ 
in Table I. by 7/4. 

4. The total emissivity of tungsten (black body taken as unit) has been 
calculated from these data for temperatures up to 3540° K. and the 
results have been tabulated in the column marked E of Table I. At 
temperatures above 1200° K., Foote’s formula for the total emissivity 
of metals gives results which are much too low. Below about 500° or 
600° K. Foote’s formula is probably quite accurate. 

5. The intrinsic brilliancy of a black body as a function of the temper- 
ature has been calculated in terms of the mechanical equivalent of light 
from Nutting’s visibility data, by means of the Planck equation. By 
comparing these results with the experimentally determined brilliancies 
of tungsten and correcting for the known emissivity of tungsten the me- 
chanical equivalent of light is found to be .oo121 watt per lumen. This 
is close to the value (.00125) calculated by Ives from Nernst’s data on the 
brilliancy of a black body, but differs considerably from Ives and Kings- 
bury’s direct determinations of the mechanical equivalent (.00159) 
The discrepancy is hard to account for. 

6. The intrinsic brilliancy of a black body is calculated from the ex- 
perimental data for tungsten and is compared with similar data obtained 
by Nernst and Pirani. These data are given in Table VI. 

7. The color of the light from tungsten filaments is distinctly bluer 
than that from a black body at the same temperature and corresponds 
to that from a black body at a temperature 40 to 80° higher. 


8. The linear thermal expansion of tungsten at temperatures from 1200 


to 2500° K. is given approximately by the equation 30. 

The writer wishes to express his indebtedness to Mr. G. M. J. Mackay 
and Mr. C. V. Ferguson for the active part they have taken in obtain- 
ing the experimental data upon which this paper is based. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC Co., 
SCHENECTADY, N. Y. 
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| 
| ON EWELL’S METHOD OF MEASURING SINGLE POTENTIAL 
| DIFFERENCES. 


By S. J. BARNETT. 


N the October number of this journal Professor Ewell! describes an 

interesting method of determining single differences of potential 

which he believes free from the fallacies involved in methods hitherto 
proposed. 

The theory of the method, which the paper does not give in systematic 
form, can best be discussed with the aid of a diagram, such as Fig. I. 
The black parts of this diagram represent homogeneous substances 
CASE 
DOUBLE LAYER 
AIR OR METAL 


DOUBLE LAYER 
Liquip 


ee CTA a DOUBLE LAYERS 
"aera. TER 





without electric fields in the steady state, while the white parts represent 
those electric fields which it is necessary to consider... The (constant) 
double layers in the electrometer are not shown; and for simplicity all 
parts of the metal case A, surrounding the apparatus, the metal parts 
of the electrometer and its connections, and the metal coat G of the 
vessel containing the liquid under experiment are assumed to be made 
of the same substance. 

In making the experiments the liquid E is first momentarily connected 
to the surrounding conductor A, to which G, the metal coat of the 
glass vessel F containing the liquid, is also connected. 

After waiting several hours, when the residual conductivity of the 
insulators is assumed, on the basis of certain experiments with mercury 
(see below) in place of the liquid EZ, to have reduced to zero the voltage 
4 from the liquid E to the conductor A,” the zero reading of the electrometer 
(unchanged since the preceding operation if there is no drift) is taken. 

1A. W. Ewell, Puys. REv., 6, 271, 1915. 


2 By using an ionizing agent such as X-rays it would seem that the regularity of the results 
could be greatly increased and the time consumed in an experiment greatly reduced. 
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Then G is insulated; and one end of the metal C’ under test is con- 
nected to A, and theother thendippedin Z. This in effect substitutes the 
metal C’ for the air C. The electrometer is then read and the single 
potential difference between the metal and the liquid is calculated. The 
process involved in this calculation will now be examined. 

Before the insulation of G and the electrometer the voltage V from 
the liquid E to A is the sum of the voltage V, across the double layer D 
and the voltage V, across the double layer B. That is, 


V = Vp + Vz. (1) 


This is also equal to the voltage from E to G across F. If the capacity 
of F is C,, the charge at the lower surface of E is 


CV = CV, + V;). (2) 


When now G is insulated and the metal C’ substituted for the air C, the 
voltage V’ from the liquid to A is 
V’ = V,’ -b Ve = Vi’ + V2’, (3) 
where V,’ and V,’ are the voltages through the new double layers and 
Vi’ and V2’ are the new voltages through F and the electrometer. The 
charge of F is now C,V;’ and the free charge of the electrometer with 
capacity C> is 
C2 V2’ = Ci( Vi’ a V). (4) 


From (4), (3), and (1) we obtain the relation 
C: 
Vy’ + (V3 — Vp — Vag) = (x + =) V2’ = Constant X Deflection, (5) 
1 


the constant being determined by separate calibration experiments.! 

The method thus determines only V,’ + (V,’ — Vp — Vz), while 
V,’ alone is the quantity sought. JV,’ is the contact voltage from the 
metal to the surrounding conductor A, V, the voltage from the electro- 
lyte to air, and V, the voltage from the air to the metal A. It is thus 
not apparent that the quantity within the parentheses is zero, as it must 
be if the experiment determines V,’. | 

Ewell concludes that the quantity within the parentheses is zero 
from a series of experiments on a number of metals with mercury sub- 
stituted for the electrolyte E. In each of these experiments he found, 
at least approximately, with the nomenclature used here, 


Val + (V,’ — Va — Vi) = 9, (6) 


1 These calibration experiments involve errors of the same kind as those involved in the 
principal experiments, but for the sake of simplicity the calibration will be assumed correct. 
If the electrometer is a long range instrument, and if its deflections are proportional to voltages 
throughout its range, the calibration by Ewell’s second method may be made with negligible 
error by using a calibration voltage much greater than the contact voltages involved. 
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the small letters corresponding to the capitals used above when the 
electrolyte was in the place of the mercury. 
If we neglect metal-metal contact voltages, the first member of (5) 


becomes 
V)’ ces (Vp + Va), (7) 


(Va + Vs) = 0. (8) 


If now, neglecting metal-metal contact voltages, we admit that (8) is 
correct, or approximately correct, as it may be since Vg is a voltage 
from a metal to air and V», a voltage from air to a metal, we still cannot 
conclude, as Ewell concludes, that therefore also (Vp + Vg), whose first 
term is a voltage from an electrolyte to air and whose second term is a 
voltage from air to a metal, is zero. The assumption, moreover, that 
metal-metal contact voltages are negligible is one which the evidence 
does not warrant at present.! 

We thus appear to be forced to the conclusion that the method under 
discussion cannot give with any certainty the single potential differences 
which other methods have always shown so elusive. 


and equation (6) gives 


THE OHIO STATE UNIVERSITY, 
November, 1915. 

1 See especially the work of Millikan and his collaborators at the Ryerson Laboratory, 

published in recent volumes of this journal. 
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A MICA X-RAY SPECTROMETER. 
By W. S. GorTon. 


N the literature of X-ray spectroscopy and crystal analysis mica has 
frequently been mentioned as a,substance capable of “ reflecting ”’ 
X-rays strongly. Many investigators have reported this fact but have 
given no detailed information as has been done in the case of other 
crystals such as rock salt, calcite, etc. De Broglie and Lindemann,}! 
and Rohmann? have described an X-ray spectrometer employing mica 
as analyzer which offers some advantages over the usual form employing 
rock salt, calcite, etc., but no details as to the performance of the instru- 
ment were given. This spectrometer consists essentially of a sheet of 
mica, bent to a cylindrical shape, on which a beam of X-rays falls. The 
various components of the beam are reflected at different angles and are 
received on a photographic plate as shown in Fig. 2. The advantage of 
this form of spectrometer consists in the curved shape of the analyzing 
crystal which enables a beam of X-rays comprised within a very narrow 
angle to strike the analyzer in such a way as to allow a large range in the 
possible angles of reflection. In the particular instrument used in the 
present work a beam having an angle of 53° allows a range of 453° in the 
angles of reflection. Thus one is enabled to do in one exposure what 
requires many exposures in the ordinary form of spectrometer. Rock 
salt, as well as mica, is capable of being used as analyzer as it can be bent 
under hot water but mica, of course, is more easily manipulated. In 
view of the advantage offered by this type of spectrometer, it seemed 
well worth while to make a thorough investigation of the properties of 
the instrument. Such an investigation would also throw light on the 
structure of mica. 

The instrument used in the present work is shown in section in Fig. 1; 
the drawing is to scale. A sheet of mica 7.5 cm. long and 2.5 cm. wide 
is fastened on the surface of a wooden cylinder 8.35 cm. in diameter. 
Extending partly under the cylinder is a holder for the photographic 
plate. This holder has a top of black paper which offers a very small 
resistance to the passage of the X-rays. The open end of the holder is 


1 De Broglie and Lindemann, Comptes Rendus, 158, 944, 1914. 
2 Rohmann, Physikalische Zeitschrift, 15, 510, 1914. 
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closed by a piece of wood not shown in the drawing. The instrument is 
protected by a covering of sheet lead 3’, inch (1.6 mm.) thick. The slit 
is in this lead cover and is } mm. wide. Above and to one side of the 
slit is placed a lead screen in order to prevent any rays but those reflected 
from the mica from reaching the plate. In order to find the angle of 


reflection corresponding to any line on the plate, an accurate drawing of 


| 
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Fig. 1. Fig. 2. 


the apparatus was made as shown in Fig. 2. Lines S’S, S’R, etc., were 
drawn, making various angles @ with the surface of the cylinder. The 
reflections of these lines cut the surface of the photographic plate PP’ 
at B, A, etc. CA, BD, etc., were drawn with lengths proportional to 
sin 6, and the points C, D, etc., were connected by a curve. Sin 6 for any 
line on the plate is readily obtained by laying the plate on the drawing 
and reading the length of the ordinate of the curve. , The wave-length \ can 
be calculated from the formula 


n\ = 2d sin 8, (1) 


as soon as d, the distance apart of the atomic planes, and n, the order 
of the spectrum, are known. In order to find d it is necessary to use first 
radiations of known wave-length and measure 6 and n. In the present 
work it was most convenient to use for this purpose the characteristic 
radiations of tungsten as produced in an X-ray tube having a tungsten 
anticathode. Ordinary X-ray tubes were used. The time of exposure 
was generally five minutes, using currents of the order of 15 milliamperes 
and spark gaps of anywhere from I to 6 inches. 

Examples of the results obtained are shown in Plate I. Fig. 1 of this 
plate represents the usual result of an exposure and shows some strongly 


marked lines which are present on practically every plate taken. Fig. 2 
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TABLE I. 


Plate Le 
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Fig. 2). 


Exposure No. 


| 24 (Plate I., 
Fig. 1). 
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shows the sole exception to the rule set forth in the previous sentence; 
a large number of very fine lines, some of which extend only part of the 


way across the plate, are seen. 
than those of Fig. 1. 





These lines are nearer the central image 
Fig. 3 represents a condition of very infrequent 
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occurrence; it contains all the lines found in both Figs. 1 and 2. Fig. 4 
was taken with a piece of mica much thinner than was used for the rest 
of the work; the thickness was 0.0005 inch (0.0013 cm.) as against 0.0033 
inch (0.0083 cm.) for the other figures. The lines, however, occupy the 
same positions as those shown in Fig.1. They are not so strong and 
exhibit a curious splotchiness but they are very evidently the same lines. 
In all the numerous exposures made the lines were invariable in position. 
Sometimes lines were absent from a plate but when they were present 
their positions were always the same. Consequently it will suffice to 
give here the measurements of the quantity sin @ for only a few exposures 
(Table I.). The intensity of the lines is characterized as strong, medium, 
faint, or very faint. 

A glance at Table I. shows that as many as 32 lines are sometimes found 
on a plate. The question at once is whether these lines are due to as 
many wave-lengths. This question must be answered in the negative. 
In a previous paper’ the author reported the analysis of the X-ray spec- 
trum of tungsten by means of calcite and rock salt. Ten lines in all 
were found. The wave-lengths are given in Table II. In view of the 
undoubted greater simplicity of the structure of calcite and rock salt as 


TABLE IT. 

Line. d Xr108 Intensity. 
Re loia es ata eee 1.476 - 
Gew adi cusscseegae 1.466 s. 
Ns. wend she bbls wee Ae 1.292 ft. 
SS kai aidissaies inal aderaantel 1.283 v.f. 
Wc alike te tar ae oe wala 1.275 s 
aber aise es ai 1.256 3 
ic sscnasho as ates 1.237 m. 
Oe aie e sien eee mand 1.094 s 
RS se cok bn icra arse 1.057 f 
aie fie anodic ae 1.025 f 


compared with that of mica it must be considered that the characteristic 
radiation of tungsten has but ten components. This conclusion is con- 
firmed by the results reported below. The problem is, then, to pick out 
in the spectrum the lines due to any one wave-length. For the stronger 
lines this is easily done. In the tungsten spectrum the most striking 
groups of lines are those consisting of a; and a, and };, 6, c, andd. A 
glance at almost any one of the exposures, say No. 27, enables one to pick 
out the lines for which sin 6 = .377, .333, -329, etc., as being due to a, di, 
b, etc., respectively. The text for identity is to calculate the value of 
sin 6/X for each of the lines. This was done and the results are given 
in Table III., series 1. The lines g, h, and k were always faint and could 
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SERIEs, 
TABLE III. 
Series. een eo 
Line. a . cece aes SC . . ne 
| = 6 —_ = a _—" = 6 o-8 = 6 —_ 

We ae er tise eee ne 2576 — | — 
Rov ticewwewewewas | .2572 .1570 .1760 .0942 
ee x eek vas none | .2578 1563 — | 
_ AE SRN rare .2580 .1560 .1773 .0941 
rr rere .2580 .1570 1775 .0940 
__ Crips ee ee .2588 .1570 .1779 .0946 
Dee sie bn Rs Anse lis | -2606 .1562 1745 .0915 
__ GR ear ar eee ere .2595 -1562 .1760 | .0929 
ee Ora ame .2595 .1561 — — 
Average value...... .2586 .1565 | .1765 | .0936 








only be picked out by this test. The measurements of sin @ are esti- 
mated to be accurate to } per cent. for values around 0.350, the accuracy 
being inversely proportional to sin @. The ratio (sin @)/A for the above 
mentioned series of lines is constant within this limit and shows conclus- 
ively the identity of the lines. In addition to these lines it was easy to 
pick out the lines for which sin 6 = .230, .202, .199, etc. (exposure 27); 
as also being due to a, };, b, etc. The values of (sin 6)/A are given in 
Table III., series 2; they are constant to within the limits of accuracy of 
the measurements. The designations of the lines as shown by Table III. 
are also givenin Table I. With the exception of the two above-mentioned 
series it was at first thought possible to identify hardly any of the lines. 
Sin @ = .457 (exposure 22) is very probably the second order of sin 6 
= .230, an a line. Possibly sin @ = .304 is a second-order line corre- 
sponding to a first order sin 0 = .152, but beyond that little can be said 
from a mere inspection of the plates. In an effort to identify the re- 
maining lines a table was constructed on the following principle: For each 
value of sin 0, values of the ratio (sin @)/A were calculated using in turn 
the values of \ corresponding to a, b, c, d, g, and h. If any of the lines 
form a series they can be picked out easily by looking for a constant 
value of (sin @)/A. This attempt at identification met with considerable 
success. A third series of lines was found beginning with the a line, 
sin @ = .258, and a fourth series beginning with the a line, sin 6 = .138. 
The remaining lines reported in Table I., six in all, have not been identi- 
fied. All lines except one (sin 6 = .457) were, as far as could be ascer- 
tained, in the first order. 
1 Gorton, Puys. REv., Feb., 1916. 
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The above data show that mica is not the equal of such crystals as 
calcite and rock salt in the analysis of X-rays. In any one order of the 
spectra due to mica are found not one but several series of lines. This 
fact complicates matters considerably, but on the other hand the lines 
produced by mica are generally narrower and sharper than those produced 
by the other crystals mentioned, some of the lines, in fact, being not more 
than one tenth the width of the lines due to calcite or rock salt. The 
presence of the numerous, very fine, lines, a few of which have not 
been identified, might be considered an objection to the use of mica but 
almost all of these lines lie below sin @ = .195 and, moreover, do not 
appear on many of the plates; consequently their existence need never be 
troublesome. As for the lines of the four series, the lines of series 1 and 
2 can, for the most part, be identified at a glance. Most of the lines of 
series 3 and 4 are very faint and could probably be neglected for most 
work. The conclusion to be drawn from these data is that mica is a 
reliable and convenient substance for use as an X-ray analyzer. Its 
property of being bent easily is, as explained in the early part of this 
paper, of great service in expediting the work. The form of spectrom- 
eter here described has the disadvantage that the relative intensity of 
the lines on the photographic plate is, to some extent, a function of the 
distribution of intensity of radiation on the anti-cathode of the X-ray 
tube and so is apt to vary from exposure to exposure, the variation 
somet mes being so great as to cause certain lines to be absent from the 
plate; but this disadvantage it shares with every other form of spectrom- 
eter using a stationary crystal. The present spectrometer should be of 
considerable service in all work on the effects produced by X-rays where 
it is desired to ascertain accurately the effect of variation in wave-length 
on those effects. 

Some conclusions can be drawn from the present data as to the structure 
of mica. For the purpose of the present article the crystal axes of mica 
may be considered to be mutually orthogonal. The unit distances on the 
three axes are in the ratios, a:b:¢ = 0.577: 1:3.313. The cleavage 
planes are parallel to the ab plane. Consequently a sheet of mica may be 
considered to be built up of small rectangular parallelopipeds, the greatest 
dimension of each parallelopiped being perpendicular to the surface of 
the sheet; the atoms probably lie at the corners of the parallelopipeds. 
It is at once evident that the planes rich in atoms are, in the order of 
richness, the cleavage planes, planes parallel to the ac plane, planes 
parallel to the dc plane, and lastly other planes. It is evident further 
that there are no planes rich in atoms which make a small angle with the 
cleavage plane; this would be so even if atoms were also situated at the 
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centers, or at the centers of the faces, of the parallelopipeds. All of such 
planes make angles with the cleavage plane which are nearer to 90° than 
to o°. Now the presence of four series of lines in the spectrum can be 
explained in two ways. First, they may be due to four distinct sets of 
planes all parallel to the cleavage plane and having different values of d. 
Second, they may be due to sets of planes making small angles with the 
cleavage plane; as a consequence the grazing angle of the incident rays 
would not be the angle 6, and equation (1) would not apply. In view of 
the theory of structure outlined above the first of these hypotheses is to 
be preferred. By application of equation (1), using the values of \ 
given in Table II., the values of d for the several sets of planes are as 
follows: 


Series d 
‘. 1.93 X 10-8 cm. 
2. 3.19 X Io8 “ 
3. 2.83 X Io 8 * 
4. 5-35 X Io 8 * 


The sets of planes responsible for the lines of series 1 and 2 are certainly 
essential constituents of the mica as these lines appear in exposures made 
with the thinnest lamina it was possible to split off (thickness 0.0013 cm.; 
see above). As to the sets of planes to which series 3 and 4 are due, these 
are probably not essential constituents of the mica. The lines of these 
series do not appear on plates made with the thinnest lamina, although 
this may be due to their faintness, and, more significant still, most of 
them extend only part of the way across the plate. This indicates that 
the lines of series 3 and 4 are due to a substance which is mixed in with 
the mica and scattered non-uniformly through it. 

It will be noticed that the values of d for series 1 and 2 are very nearly 
in the ratio 3:5. This suggests that there may be a set of planes in 
the mica for which d has one third the value of d for series 1. In order 
to investigate this point a special plate-holder was made which would 
hold the photographic plate vertically before the mica surface in such a 
way as to enable it to register values of sin @ up to 0.95. The only lines 
observed, however, were two for which sin 6 equaled 0.574 and 0.538 
respectively. These lines are very probably lines g and k of the first 
series in the second order. Consequently the unit in the structure of 
mica would seem to be a parallelopiped containing atoms spaced in such 
a way as to form sets of planes having the inter-planar distances 1.93 
X 10-8 and 3.19 X 1078 cm. 

JAMES BUCHANAN BRADY UROLOGICAL INSTITUTE, 


Jouns Hopkins HospItTAt, 
BALTIMORE. 
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A PHYSICAL STUDY OF THE THERMAL CONDUCTIVITY OF 
SOLIDS. 


By ARTHUR H. COMPTON. 


INCE the physical interpretation of the variation of the specific 

heat of solids with temperature has been found to be of consider- 

able theoretical importance, it is to be expected that a study of the 

physical nature of the thermal conductivity of solids may also bring 

interesting results. The present paper may be considered as a start at 
such a study. 

In order not to be disturbed by thermal conduction due to electrons, 
we shall consider only non-metallic substances. For the sake of further 
simplicity we shall consider in the first place the conduction of heat 
through a crystal, in which the atoms are closely packed. Consider two 
infinite, parallel planes in such a medium, at a distance x apart, and 
maintained at a constant difference of temperature, 7; — 7». Let 6x 
be the average distance in the x direction through which the energy of an 
atomic collision is transmitted. The temperature drop along this 
distance 6x will evidently be 


6 
6T = ~ (Ts - To). 


This quantity represents the average difference in temperature between 
the atom which gives out energy at each collision, and the atom or atoms 
which absorb it. According to ordinary kinetic theory, if the collisions 
of the atoms are elastic, the average amount of energy transmitted at 
each collision may be shown to be 


4™\M2 
«= , RT, 
(m, + me)? 
where m, and mz are the masses of the atoms in collision, and R is the gas 
constant for a single molecule. This may be written 
de = DROT, 
where 0 is in most cases approximately equal to I. 


In the kind of a medium we are considering, the number of atomic 
collisions in unit time on unit area of the surface of a plane separating 
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adjacent layers of atoms will be equal to the number of atoms per unit 
area multiplied by the frequency of oscillation of each atom. That is, 

n = ny, 
where »v is probably equal to the natural frequency of the atoms as de- 
termined by optical methods, and mn? is the number of atoms per unit 
area of the plane. x? will be equal to the 2/3 power of the number of 
atoms in unit volume in the case of cubic crystals, but not necessarily 


for other kinds. The rate of transfer of energy per unit area across a 
plane perpendicular to the x axis will therefore be 


dE 

7 
and since there can be no piling up of energy at any point of the substance 
this is also the rate of transfer of energy from one boundary plane to the 
other. But by definition, 


6 
-de = n*v -bR (Ts — To); 


dE I; — To 


lie 
where & is the coefficient of thermal conductivity, so that 
k = bn?Rvix, 
or 
bx = k/bn*Rv. 


According to the experiments of Eucken,! the thermal conductivity 
of crystals is approximately inversely proportional to the temperature. 
If we call the factor of proportionality, c, 


k=c/T, 


and the distance through which the energy of an atomic collision is 
transmitted is 
I 

I ix = c/T -——. 

(1) / bn? Rv 
That is, as the temperature falls, and the atoms become more and more 
closely packed, the distance through which the effect of an atomic collision 
is transmitted increases, as appears plausible. 

Thus we have the distance 6x for a crystal expressed in terms of known 


quantities. For rock-salt at 0° C. these quantities are: 
c/T = 1.36 X 10° erg cm. sec.—! deg.—, 


b = 0.955, 
3.58 X 107 cm.-1, 


nN 

vy = 5.8 X 10” sec."1, 

R = 1.35 X 10-* erg deg.7}; 
1 A, Eucken, Ann. d. Physik, 34, 185 (1911). 
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and thus 
6x = 1.42 X 10° cm. 

But the distance between two neighboring atoms in rock-salt is d = 2.80 
xX 1078 cm., or 6x = 51d. The value of 6x for other crystals is of the 
same order of magnitude. We find, therefore, that the energy of a 
collision between two atoms in a crystal is transmitted through a distance 
which is approximately inversely proportional to the temperature, and 
many times the distance between two neighboring atoms. 

If it should happen that the crystals of which a substance is composed 
are of smaller dimensions than the average distance through which the 
effect of a thermal disturbance is transmitted, a decrease in temperature 
will no longer mean a decrease in the 6x of equation (1), since this distance 
will evidently be limited by the size of the component crystals. On the 
other hand, it is probable that the frequency of the collisions between the 
atoms of neighboring crystals will diminish as the amplitude of the 
vibrations becomes less, since the atoms will not be closely packed at the 
juncture of the crystals. This would result in a decrease in the conduc- 
tivity with temperature, such as is actually observed in the case of all 
amorphous substances. 

That something of this kind actually occurs in amorphous substances 
becomes evident when we consider a definite example. In the case of 
fused quartz at —190° C., for instance, 


k = 6.61 X 104 erg cm.~ sec.—! deg.-, 
b = .95 
v® = 1.82 X 10" sec.—! (mean value), 
n = 4.1 X 10’ cm., 
and if we calculate 6x according to equation (1) we obtain 
6x = 1.7 X 10-8 cm. = 0.7d. 


Thus if a collision occurred at each oscillation of an atom, we should have 
to conclude that the effect of the collision was transmitted through less 
than the distance between two atoms, which would be meaningless. It 
is evident, therefore, that some of the atoms in an amorphous substance 
must oscillate without affecting appreciably the atoms next to them, as 
suggested above. 

The physical interpretation of this result, that the effect of each 
atomic collision in a crystal is felt at a considerable distance, is an inter- 
esting problem. According to the agglomeration theory of the variation 
of the specific heat of solids with temperature,! at low temperatures the 
1C, Benedicks, Ann. d. Physik, 42, 133 (1913); A. H. Compton, Puys. REv., 6, 377 (1915)- 
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atoms of solids lose degrees of freedom in a manner very similar to that 
in which a degree of freedom is lost when two atoms combine chemically. 
It is evident that if large groups of atoms should thus be formed which 
would vibrate as units, the thermal conductivity would be greatly in- 
creased. Benedicks' has accordingly considered the sharp increase in 
the heat conductivity of crystals at low temperatures to be an indication 
of the formation of such groups, and hence as a support of the agglomer- 
ation hypothesis. If these atomic aggregations vibrate independently, 
the distance through which the effect of a collision will be transmitted 
will be equal to their average diameter. As we have seen above, for 
rock-salt at o° C. this distance is some 50 times the distance between 
two neighboring atoms; but the probability that a degree of freedom 
shall be agglomerated is in this case only 1/3. Thus it is seen that the 
size of the groups formed by a possible agglomeration of the atoms is 
not of the proper order of magnitude to account for the thermal con- 
ductivity of crystals. 

A more probable interpretation would seem to be that each atom 
transmits the greater part of the energy of every thermal disturbance 
which reaches it, retaining or scattering the remaining part, the atoms 
thus acting as if imperfectly elastic. If we assume that the energy of 
each collision is transferred from atom to atom, being diminished by a 
definite factor as it traverses each atom, it can be shown by reasoning 
similar to that above that the thermal conductivity of a crystal in 
which adjacent atoms are arranged in lines parallel to the axis of con- 
duction is 
(2) k = bn'dRv -—*; 





where'd is the distance between successive atoms in the direction of 
conduction, and a is the fraction of the energy absorbed by each atom 
as the thermal disturbance traverses it. This absorbed energy is given 
out again at the next collision of the atom. For other kinds of crystals 
the function of a is somewhat different, but is in any case approximately 
proportional to 1/a? as long as a is small. For rock-salt at 0° C. 


a = 0.202. 


According to this explanation the energy of an atomic collision is not 
transmitted through a definite distance, but dies out gradually as it 
passes through a substance. The mean range, however, must be the 
same as the 6x which we have used above. 

If we assume that the fraction of the energy of each thermal disturbance 
which an atom retains is proportional to its amplitude of vibration, and 
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hence, according to ordinary kinetic theory, to the square root of the 
temperature, 7. @., _ 
a=cvT, 


we have, 


_ 4 
(3) tut ta 


CT ’ 

where c is determined by the conductivity at a given temperature. 
The following tables show how this expression compares with Eucken’s 
experimental data. The first calculated values are found according to 
the expression 





k =c/T, 
and the second according to equation (3). The value of a at 273° K. is 
calculated according to equation (2), using the value of d determined 
by X-ray measurements,! and » for quartz in the mean value, 1.82 X10", 
determined from specific heat data.2 k is expressed in calories cm.— 
sec.—! deg.—!. 




















TABLE I. 
ee i NaCl; arm —0.202. (RCs eames 
k (Calc.1). k Obs.). | & (Calc.s). k& (Calce.). k (Cbs.). k (Calc.2) 
| sspuieiatenidininiadaaiaons 
3i3” 0.0122 0.0116 | 0.0119 0.0121 0.0118 0.0118 
273 0.0167 0.0167 | 0.0167 0.0166 0.0166 0.0166 
195 0.0233 0.0249 0.0238 0.0232 0.0248 0.0237 
83 0.0548 0.0636 0.0577 0.0545 0.0502 0.0567 
Me | 0.206 0.125 0.215 
SiO, ||; i 0.200(3), SiOze L ; a273 = 0.309(3), 
373 0.0236 0.0215? | 0.0230 0.0127 0.0133 | 0.0123 
273 0.0325 0.0325 | 0.0325 0.0173 0.0173 | 0.0173 
195 0.0455 0.0467 0.0465 0.0242 0.0241 | 0.0250 
83 0.1067 0.1170 0.1124 0.0569 0.0586 | 0.0620 
a ee 0.58 | 


0.214 | 


0.234 


The data are not sufficiently consistent to fit any formula accurately, 
but it is apparent that equation (3) fits the data in general somewhat more 
closely than does the strictly linear law except for quartz 4, in which 
case equation (3) does not strictly apply.’ 


1Cf. W. H. Bragg and W. L. Bragg, ‘‘ X-rays and Crystal Structure,” pp. 88 and 160. 

2 The data used are those of Nernst (Ann. d. Physik, 36, 395) and F. Koref (Ann. d. Physik, 
36, 64). vis calculated according to the formula v = 7/8, where # is a universal constant and 
t is determined by the specific heat at a given temperature. Cf. A. H. Compton, loc. cit. 

3 According to the structure of quartz as found by Professor Bragg, the arrangement of 
the atoms parallel to the axis is probably not greatly different from a linear distribution; but 
perpendicular to the axis the arrangement is more irregular. Thus while the function of B 
for quartz || is probably nearly that given in equation (2), for quartz 1 this function may be 
different. The value of »? which should be used in this case is also doubtful, which could 
account for the large value of a for quartz L. 
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We have so far been considering the average energy of a degree of 
freedom in a solid to be RT, instead of the somewhat different value which 
is found by a study of the specific heat. If we use instead the energy 
assigned by the quantum hypothesis, 


hgh]. 
eo, * 


two changes must be made. In the first place, the average amount of 
energy given out by an atom at each collision is no longer 


de = DRST, 


be = b= hv sag tome 6T 
. ekT — yj 


bh?y? eIgT 
_ RP ( hy ) . 


ek? — 1 


but is 


Nie 


In the second place, if a is proportional to the amplitude of vibration, or 
the square root of the energy, 7. e., 


I 1)? 
a=meci-a ec}. 


| e27—1 





the expression for the thermal conductivity corresponding to equation 


(3) is 
I 2 he 
hy ae ee 


hy? ee BT eRT — yj 
RT?( »& 2° I 
(#7 _ 1) i i eee 


This expression makes the thermal conductivity approach zero at very 
low temperatures, giving values much smaller than are actually observed. 
This is shown clearly in the following table, for the cases of rock-salt 
and sylvine (calc.s). 





(4) k = bn*dv - 


Nie 











TABLE II. 
| NaCl : us om. | . KCla: 273 = 0.175. 
k& (Cale.s). k (Obs.). | k (Calc.4). k (Calc,s). | & (Obs.). k (Calc.«). 
as | 0.0124 0.0116 | 0.0118 0.0127 | 0.0118 0.0117 
273 0.0167 0.0167 0.0167 | 0.0166 0.0166 0.0166 
195 | 0.0214 0.0249 | 0.0240 0.0223 | 0.0248 0.0240 
83 | 0.0263 | 0.0636 0.0590 0.0323 | 0.0502 0.0577 
| | 0.0015 | 0.125 | 0.217 











22 | | 
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In order to obtain a satisfactory expression for the thermal conductivity, 
if the energy of a degree of freedom is that assigned by the quantum 
hypothesis, it is necessary to assume that a is at least approximately 
proportional to the expression 


hy 4 
hy? e RT 
RT (*®  \f" 

(.27 _ 1) 


which is the square root of the product of the heat capacity of a degree 
of freedom according to Einstein’s formula by the absolute temperature. 
It is hard to conceive of any possible direct connection between this 
quantity and the amount of “ inelasticity”’ a of an atom. It seems 
difficult, therefore, to obtain on the basis of the quantum hypothesis a 
justifiable formula for the heat conductivity. 

The case is different, however, if use is made of the agglomeration 
hypothesis. According to this hypothesis, the number of existing de- 


grees of freedom is less than the greatest possible number by the factor 
~ , , P 
e 7, where B is a universal constant; but the degrees of freedom which 


actually exist have the amount of energy assigned by equipartition, that 
is RT. This being the case, the energy given out at each collision is, as 
originally, 

de = DRT; 
but the number of collisions is diminished, since the number of existing 


degrees of freedom is reduced, in such a manner that 
By 


n= n've 7. 
, ~o 
The average energy of each atom is, however, 3RTe 7 , and if as before 
we consider the fraction of the passing energy which each atom absorbs 
to be proportional to its amplitude of vibration, we have 
~ 8 
a =cT%e 27, 


The expression for the thermal conductivity then becomes: 


By 
8» i2 —cT%e 7 
sea Rh :é * + =, 
eTe T 
_ 82 
, 2—cT%e 27 
(4) = btdRy - ——S—. 


That this expression is practically equivalent to equation (2) will be seen 
on comparing the values of k(calc.,) in Table II, with the corresponding 








' 
| 
| 
| 
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values of k(calc.2) of Table I. Thus the agglomeration hypothesis leads 
directly to a satisfactory formula for the heat conductivity while the 
quantum hypothesis apparently does not. 

The essential difference between these two hypotheses is that while 
according to the quantum hypothesis all of the possible degrees of freedom 
possess energy, but in an amount which differs from that assigned by 
equipartition, according to the agglomeration hypothesis only a part of 
the possible degrees of freedom possess energy, but those which have it 
carry the amount assigned by equipartition. The fact that the latter of 
these hypotheses leads naturally to a satisfactory formula for the thermal 
conductivity while the former seems to give such an expression only with 
the use of a highly improbable assumption may be taken as evidence 
against the quantum hypothesis, and as a verification of the law of equi- 
partition of energy as applied to the degrees of freedom of solids. 


SUMMARY. 


In the first place it has been shown that the average distance through 
which the energy of an atomic collision in a crystal is transmitted is 
approximately inversely proportional to the temperature, and is many 
times the distance between the atoms. 

This result may be explained on the assumption that each atom in a 
crystal absorbs or scatters a small fraction of the energy of every thermal 
disturbance which traverses it and transmits the rest. 

In order to obtain a satisfactory formula for the thermal conductivity 
on the basis of the quantum hypothesis it seems necessary to make 
certain improbable assumptions; the agglomeration hypothesis, on the 
other hand, leads to such a formula with much more plausible assumptions. 

This study of the thermal conductivity therefore brings evidence 
against the quantum hypothesis, and supports the law of the equipar- 
tition of energy as applied to the degrees of freedom in a solid. 

I am indebted to my brother Professor Karl T. Compton for his 
suggestions and to Professor E. P. Adams for his helpful criticism in 
connection with this paper. 


PALMER PHYSICAL LABORATORY, 
PRINCETON UNIVERSITY, 
December 9, 1915. 


-—_ 








ae LOCATION OF THE THERMAL ENERGY OF SOLIDS. 349 


ON THE LOCATION OF THE THERMAL ENERGY OF SOLIDS. 


By ARTHUR H. COMPTON. 


p-*om a consideration of the variation of the specific heat of solids 

with temperature, Debye has suggested! that the thermal energy 
of a solid lies not in the independent motion of the individual atoms, as 
assumed by Einstein,? but in the elastic vibrations of the body as a whole. 
These include the fundamental tonic vibrations as determined by the 
dimensions of the body, and all the harmonics up to and including the 
natural vibrations of the atoms themselves. On this assumption he has 
been able to obtain an expression for the specific heat of solids, based on 
the quantum hypothesis, which fits the experimental data acceptably 
throughout a considerable range of temperature. A formula for the 
specific heat of solids based on an agglomeration hypothesis has also 
been recently obtained,’ but this hypothesis is found to lead to an 
accurate result only on the assumption that the thermal energy of solids 
lies not in their elastic vibrations, but in the motions of the individual 
atoms. In the present paper an attempt will be made to find out whether 
the vibrations which have a greater period than that of the individual 
atoms affect in any important manner the specific heat of solids. 

It has been pointed out in a previous paper* that Debye’s assumption 
that the thermal energy of a solid is distributed throughout all its possible 
elastic vibrations leads to a value of the thermal conductivity which is 
of a much greater order of magnitude than that observed experimentally. 
This makes his assumption in its original form untenable. In order to 
account for the magnitude of the thermal conductivity, it has been found® 
that the energy of each atomic collision is transmitted through an 
average distance of some 50 times the atomic distances in the case of a 
crystal, and probably not many times the atomic distances in the case 
of an amorphous substance. It is evident, therefore, that there must be 
a maximum value of the wave-length of the elastic vibrations which 
can possess heat energy, which is determined by the distance a thermal 

1P. Debye, Ann. d. Phys., 39, 789 (1912). 

2 A. Einstein, Ann. d. Phys., 22, 180 (1907). 

3 A. H. Compton, Puys. REv., 6, 377 (1915). 


4A. H. Compton, loc. cit., p. 387. 
5 A. H. Compton (Preceding paper on Thermal Conductivity). 
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disturbance can be transmitted through the substance. The existence 
of such a maximum wave-length changes somewhat the form of Debye’s 
specific heat formula, and the amount of this change will be shown to 
be in general greater for amorphous than for crystalline substances. If, 
therefore, the vibrations of frequency less than the natural frequency of 
the atoms possess any considerable amount of thermal energy, we should 
expect to find a certain difference between the specific heats of amorphous 
and of crystalline forms of the same substance. If, on the other hand, 
only the independent motions of the individual atoms possess a consider- 
able amount of energy, the distance through which the effect of an atomic 
collision is transmitted cannot affect the specific heat, and no difference 
is to be expected on this account between the specific heat of amorphous 
and that of crystalline substances. 

We shall first consider the effect on Debye’s formula for the specific 
heat of introducing a lower limit to the frequency of vibration which is 
comparable in magnitude with the upper limit. Debye has shown! 
that for a perfectly elastic sphere the total number of degrees of freedom 
for elastic vibrations of frequency less than », where » is large compared 
with the fundamental frequency, may be taken as 


Zv = FV*, 


if V is the volume of the sphere, and F is a quantity determined by the 
elastic constants and the density of the substance. If v, is the upper 
and y; the lower limit of the frequencies to be considered, the total number 
of degrees of freedom is therefore 


Z = Lim — Zr, = FV — v;). 


But by Rayleigh’s formula, the total number of degrees of freedom in a 
solid is 
Z = 3N, 
and thus 
FV = 3N/(vn? — v/). 


The number of degrees of freedom between the frequencies v and v + dv is 


oZv 
= = 2, 
dn ss dv = 3FVvr'dp 
_ 9Nv*dv 


oa Vane _ ve ° 
If with Debye we assume that each degree of freedom has the amount of 


energy assigned by the quantum hypothesis, 
hv 
hv|(e** =" I), 
1P. Debye, loc. cit. 





- 
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the total energy content of the sphere is 


"hv _ ON 





and we find for the specific heat at constant volume, 


a wef, f edt wt 


e—-1 e@-—-1'@-—!1 








where 
hi, hy; hv 
X=pri Ve pri = Hp: 
RT RT RT 
The ratio of the specific heat to its value at very high temperatures is 


Cy Cy heals is a x4 yt 
Co 3NR x#—y¥\*), - +o 


v—-t F—!I 
On integration this becomes: 


Cv 


<-355{(4-= 








bed ene 


~~ 4b ([#+% +545 


aed ded ee he, 1)} 


which is identical with the expression obtained by Debye if y is put equal 
to zero. The difference between the value of Cvy/C according to this 
equation when y has a finite value and when y is zero may be shown to be 











sz) _-(z& ~~ #— zat 


— 4& La (5+3 7 +5 - 4 -)}+2() = 


The value of this correction for small values of y at ordinary temperatures 
is approximately — 3(y/x)’, and does not vary rapidly with the temper- 
ature. 

If the vibrations which are longer than the natural period of the atoms 
possess heat energy, as Debye assumes, his formula for the specific 
heat must be modified by some expression such as this. If, however, 
only the vibrations of the individual atoms possess thermal energy, 
as assumed in the writer’s agglomeration formula, no such correction is 
to be applied. If, therefore, there is found to be any effect on the specific 
heat due to the fact that the energy of an atomic collision is transmitted 
a relatively small distance through a solid, Debye’s assumption in a 
somewhat modified form will be justified. 
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For rock-salt at 0° C. it is found! that the mean distance through which 
the energy of an atomic collision is transmitted is 6x = 1.42 X 10-* cm. 
The maximum wave-length to be considered will therefore be at least 
approximately 46x, or 5.6 X 10-*cm. The velocity of transmission of a 
vibrational disturbance in rock-salt is about 3.5 10° cm. sec.~!, so the 
lower limit of the frequency is of the order of magnitude of 


vy = 3.5 X 10°/5.6 X 10-* = 6 X 10” sec. 


The maximum frequency, vm, is approximately the same as the natural 
frequency of the atoms, and this is 
Ym = 5.8 X 10” sec. 
The ratio y/x is thus, 
_ fn | hm _ 
yk = Rr | RT 


v1/Vm = 10° 


approximately. Thus for rock-salt at 0° C. the correction to be applied 
to Debye’s formula is of the order of magnitude of 10~°, and is entirely 
negligible. 

It is found,? however, that the quantity 6x in amorphous substances 
may be of the order of magnitude of the distance between the atoms, 
which would make the frequency »; approach the frequency of the 
vibration of the individual atoms. The value of 6x is too uncertain for 
amorphous substances to calculate »; with sufficient accuracy to make a 
definite estimate of the magnitude of the correction to be applied in such 
a case, but this correction might be expected to be rather large. Such a 
correction would not necessarily mean that the specific heat of a substance 
should be less in the amorphous than in the crystalline state, since the 
frequency of the vibrations of the atoms in the two forms is generally 
different. It is possible, also, that similar atoms in an amorphous sub- 
stance may be so arranged as to have widely different natural frequencies. 
Such a distribution of the frequencies of the atoms would not affect 
greatly the form of the specific heat curve at higher temperatures, but 
would tend to increase the relative value of the specific heat at low tem- 
peratures. The effect of a correction term such as we have been dis- 
cussing would be, on the other hand, to change the specific heat curve in 
such a manner as to decrease the relative magnitude of the specific heat 
at low temperatures. Thus if experimental evidence is found to indicate 
a relatively smaller specific heat at low temperatures for amorphous than 
for crystalline substances, such a correction term may be inferred to 
exist; while if experiment indicates the opposite, no definite conclusion 
can be drawn as to the existence of such a correction term. 


1A. H. Compton (Preceding paper on Thermal Conductivity). 
2 Ibid. 
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The following table will show how the specific heats of certain crystal- 
line and amorphous substances compare for rather high relative tempera- 
tures. J is the arithmetic mean of the absolute temperatures between 
which the mean specific heat per gram molecule C,, is determined. JT and 
C represent corresponding quantities determined at definite temperatures. 





~ Agel (Ceystalline).! AgCl (Amorphous).! Silicon (Crystalline).2 Silicon( Queens? 
Tm . | Cc ‘m ° } Tm . c “m . Tm 7 Cin . Tm . | Cm . 
301° 12.53 | 301° | 12.29 | 297° 4.84 300° | 5.08 
235 12.31 | 234 12.89 | 234 4.10 234 | 4.26 


137 10.83 | 137 10.52 138 244 | 138 | 2.58 
Although for both of these substances the actual magnitude of the specific 
heat of the two forms is appreciably different, it can be shown that the 
specific heat curve of the amorphous and crystalline modifications are 
of practically the same form. The result is different, however, at low 
relative temperatures, as is shown in the case of quartz. 


| | . 
SiO, (Rock Crystal) | SiO: (Amorphous Quartz). SiOz (Rock Crystal). | SiO: (Amorphous 


Quartz). 

r | ac | Tr | cs | Te | Ges oj | Gi 
25.8° 0.416 «| «26.25 =| (0.637 | 137 | 5.30 | 137 | 5.32 
28.75 0.520 | «29.4 =| (0.644 | «234 «| «8.81 | 235 | 8.87 
31.2 0.527 | 352 | 0.844 | | | 
36.1 0.794 | 426 | 1.33 | | 
84.3 3.03 840 | 3.14 | | | 
99.0 3.25 | | 
92.6 3.39 | | 


It will be seen at a glance that at low temperatures the specific heat of 
the amorphous form is decidedly greater than that of the crystalline form, 
while at higher temperatures the specific heats are nearly thesame. This 
difference in the rate of the variation of the specific heat of the two modi- 
fications is, as we have seen above, of such a nature as to indicate that 
similar atoms in the amorphous form have different natural frequencies. 
If the fact that the energy of an atomic collision is transmitted through 
a shorter distance in an amorphous than in a crystalline substance has 
any effect on the relative specific heat of the two forms, this effect is 
entirely masked, at least in the case of quartz, by the effect of the differing 
frequencies of the atoms in the amorphous state. This test, therefore, 


1R. Ewald, Ann. d. Phys., 44, 1213 (1914). 
? A. S. Russel, Phys. Zeitschr., 13, 61 (1912). 
3 W. Nernst, Ann. d. Phys., 36, 395 (1911). 
4F. Koref, Ann. d. Phys., 36, 64 (1911). 
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gives no evidence of the kind of a difference between the specific heat of 
amorphous and of crystalline substances that would be expected if the 
elastic vibrations of the solid possess thermal energy. 

We cannot conclude from this that all the heat energy lies in the vibra- 
tions of the individual atoms, but the above result would indicate that 
the vibrations of longer period probably play no important part in the 
specific heat. Further measurements of the specific heat of amorphous 
substances at very low temperatures may very possibly lead to important 
information on this point. 

SUMMARY. 

An explanation of the specific heat according to the quantum hypothesis 
implies that the heat energy of a solid lies in its elastic vibrations, while 
according to the writer’s agglomeration hypothesis this energy lies in the 
vibrations of the individual atoms. 

A previous study of the thermal conductivity has shown that the dis- 
tance through which the energy of an atomic collision is transmitted is in 
a crystal many times the distance between neighboring atoms, but is in 
amorphous substances probably not many times the atomic distances. 
This implies that the maximum wave-length of the elastic vibrations 
which can possess thermal energy is greater for crystalline than for 
amorphous substances, which is shown to mean that if it is the elastic 
vibrations which possess the heat energy the specific heat of amorphous 
substances should be comparatively less at low relative temperatures 
than that of crystalline substances. 

The fact that experiment shows no such difference in the specific heat 
of substances in the amorphous and in the crystalline form indicates that 
the vibrations of period greater than that of the individual atoms prob- 
ably play no important part in the specific heat; though the evidence 
to this effect cannot be taken to be conclusive. 


PALMER PHYSICAL LABORATORY, 
PRINCETON UNIVERSITY, 
December 10, 1915. 
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A DIRECT PHOTOELECTRIC DETERMINATION OF 
PLANCK’S “h.”! 


By R. A. MILLIKAN. 


1. INTRODUCTORY. 


UANTUM theory was not originally developed for the sake of 
\~ interpreting photoelectric phenomena. It was solely a theory 
as to the mechanism of absorption and emission of electromagnetic 
waves by resonators of atomic or subatomic dimensions. It had nothing 
whatever to say about the energy of an escaping electron or about the 
conditions under which such an electron could make its escape, and up 
to this day the form of the theory developed by its author has not been 
able to account satisfactorily for the photoelectric facts presented here- 
with. We are confronted, however, by the astonishing situation that 
these facts were correctly and exactly predicted nine years ago by a form 
of quantum theory which has now been pretty generally abandoned. 

It was in 1905 that Einstein? made the first coupling of photo effects 
and with any form of quantum theory by bringing forward the bold, not 
to say the reckless, hypothesis of an electro-magnetic light corpuscle of 
energy hv, which energy was transferred upon absorption to an electron. 
This hypothesis may well be called reckless first because an electromag- 
netic disturbance which remains localized in space seems a violation of 
the very conception of an electromagnetic disturbance, and second be- 
cause it flies in the face of the thoroughly established facts of interference. 
The hypothesis was apparently made solely because it furnished a ready 
explanation of one of the most remarkable facts brought to light by 
recent investigations, viz., that the energy with which an electron is 
thrown out of a metal by ultra-violet light or X-rays is independent of the 
intensity of the light while it depends on its frequency. This fact alone 
seems to demand some modification of classical theory or, at any rate, 
it has not yet been interpreted satisfactorily in terms of classical theory. 

While this was the main if not the only basis of Einstein’s assumption, 
this assumption enabled him at once to predict that the maximum energy 

1An abstract of this paper was presented before the Am. Phys. Soc. in April, 1914. 
(Puys. REv., IV., 73, '14.) The data onlithium were however first reported at the meeting of 


the Am. Phys. Soc. in April, 1915. (Puys. REv., VI., 55, ’15.) 
2? Ann. d. Phys. (4), 17, 132, 1905, and (4), 20, 199, 1906. 
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of emission of corpuscles under the influence of light would be governed 
by the equation . 
3mv? = V.e = hv — b, (1) 
in which hy is the energy absorbed by the electron from the light wave, 
which according to Planck contained just the energy hv, p is the work 
necessary to get the electron out of the metal and 3mv? is the energy with 
which it leaves the surface, an energy evidently measured by the product 
of its charge e by the P.D. against which it is just able to drive itself 
before being brought to rest. 

At the time at which it was made this prediction was as bold as the 
hypothesis which suggested it, for at that time there were available no 
experiments whatever for determining anything about how P.D. varies 
with », or whether the hypothetical of equation (1) was anything more 
than a number of the same general magnitude as Planck’s h. Never- 
theless, the following results seem to show that at least five of the ex- 
perimentally verifiable relationships which are actually contained in 
equation (1) are rigorously correct. These relationships are embodied 
in the following assertions: 

1. That there exists for each exciting frequency v, above a certain critical 
value, a definitely determinable maximum velocity of emission of 
corpuscles. 

2. That there is a linear relation between V and v. 

3. That a or the slope of the V v line is numerically equal to h/e. 

4. That at the critical frequency vo at which v = 0, p = hyo, 1. e., that the 
intercept of the Vv line on the v axis 1s the lowest frequency at which 
the metal in question can be photoelectrically active. 

5. That the contact E.M.F. between any two conductors is given by the 
equation 


Contact E.M.F. = h/e(vo — v0’) — (Vo — Vv’). 


No one of these points except the first! had been tested even roughly 
when Einstein made his prediction and the correctness of this one has 
recently been vigorously denied by Ramsauer.? As regards the fourth 
Elster and Geitel® had indeed concluded as early as 1891, from a study of 
the alkali metals, that the more electro-positive the metal the smaller is 
the value of v at which it becomes photo-sensitive, a conclusion however 
which later researches on the non-alkaline metals seemed for years to 
contradict. 


1 Lenard (Ann. d. Phys. (4), 8, 149, 1902) discovered a maximum velocity though he did 
not find the effect of frequency upon it. 

2 Ann. d. Phys., 45, 1120, 1914 and 45, p. 961. 

3 Wied. Ann., 43, 225, 1891. 
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“ During the ten years which have elapsed since Einstein set up his 
equation the fifth of the above assertions has never been tested at all, 
while the third and fourth have never been subjected to careful experi- 
mental test under conditions which were even claimed to permit of an 
exact and definite answer, nor indeed can they be so subjected without 
simultaneous measurements im vacuo of both contact potentials and 
photo-potentials im the case of metals which are sensitive throughout a long 
range of observable frequencies. In making this statement I am not under- 
rating at all the exceptionally fine work of Richardson and Compton,! 
who in common with most other observers interpreted their results in 
terms of Einstein’s equation, but who saw the significance of that equation 
much more clearly than most of their predecessors had done. I am 
merely calling attention to the fact that the slope mentioned in (3) and 
the intercept mentioned in (4) cannot possibly be determined with any 
approach to certainty unless the region of wave-lengths open to study is 
larger than it is in the case of any save the alkali metals, and also, in the 
case of (4) unless simultaneous measurements are made in vacuo upon 
photo-potentials and contact E.M.F.’s. The fact that Richardson and 
Compton’s slopes vary by more than 60 per cent. is sufficient evidence 
of the correctness of thisstatement. Also on the one alkali metal, sodium, 
on which they made measurements, they made no attempt at contact 
E.M.F. determinations.2 Furthermore, since their work appeared 
two or three theories have been developed to explain their observed de- 
partures from the relationships predicted by Einstein’s equation*— 
departures which the work at the Ryerson Laboratory appears to prove 
to be altogether non-existent. In a recent review Pohl and Pringsheim* 
whose own large experience with photoelectric work possibly predisposes 
them to see the difficulties even too clearly, go so far as to assert not only 
that any conclusions regarding the validity of (3) and (4) are premature 
and quite unsupported by any experiments with light waves, but that 
(2) also, to the testing of which practically all of the work on the energies 
of photo-emission has thus far been directed, is not deducible from existing 
data. Furthermore Sir J. J. Thomson’ writing in December, 1914, says: 
‘ the experimental results hitherto obtained seem on the whole to confirm 


1 Phil. Mag. (6), 24, p. 575, 1912. 

2 Professor Richardson in his note in the Puys. REv., IV., p. 523, 1914, rightly states that 
they developed a “ novel’ method of estimating contact E.M.F.’s in vacuo, and for this they 
deserve much credit. But they could not use this method in the case of sodium, for they 
definitely state that on account of fatigue effects, they were unable to obtain any complete 
photo current-potential curve for sodium. Further my own work shows that this novel 
method is not always a valid one for determining contact E.M.F.’s. 

3 See Hughes, Phil. Mag. (6), 25, 683, ’14 and Sutton, Phil. Mag., 29, 734, "15. 

4 Phil. Mag., 26, 1017, 1913. 
5 Proc. Phys. Soc., London, XXVII., 105, December 15, 1914. 
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this result [that stated in (2)] though it must I think be confessed that 
the direct experimental evidence in favor of the strict proportionality is 
too meagre to enable us to maintain that it is a direct result of experiment.” 

The difficulties which have stood in the way of reaching a reliable con- 
clusion even as to (2) will be seen from the following review. The first 
measurements on the relation between the frequency and the maximum 
energy of emission (which has always been measured by the retarding 
P.D. necessary to just stop the discharge of electrons under the influence 
of ultra-violet light) were made in 1907 by E. Ladenburg! who concluded 
that “V was proportional to », 7. e., that the maximum velocity rather 
than the maximum energy of emission was proportional to frequency. 
Joffe? worked over Ladenburg’s experimental data and showed that it 
fitted just as well the Einstein relation V < ». The reason for this 
wide uncertainty lay simply in the fact that the range within which the 
relation between V and » could be followed in Ladenburg’s experiments 
was between 2,000 and 2,600 Angstroms, and with so small a strip of 
wave-length to investigate, and relatively large experimental errors in 
making the settings, practically any kind of a theoretical curve might be 
fitted by the experimental data. 

Unquestionably the most reliable work in this field is that done by 
Richardson and Compton’ and by Hughes. But Hughes like Ladenburg 
made his observations at but three frequencies, viz., those corresponding 
toX = 1,849, \ = 2,257, and \ = 2,537 and the first of these he finds very 
hard to get on account of the extreme feebleness of the light. He uses 
the observations at two of these points, viz., 1,849 and 2,537 to fix his line, 
and then finds that the third point is slightly closer to this line when » 
is assumed proportional to V than when it is assumed proportional to 
“V. Thisis evidence favorable to the first law as opposed to the second, 
but it obviously does not show a linear relation between V and »v as 
opposed to a relation of the type V « » as implied by Lindemann’s 
theory,® or as opposed to any one of several other relations which might 
be suggested. Hughes indeed adds to his case the argument that his 
straight line cuts the v axis at about the frequency at which the metal is 
found to first become photo-sensitive, but since he fails to take any 
account of the contact E.M.F.’s between his opposing plates these 
crossing points should be incorrect as Pohl and Pringsheim have pointed 
out. According to these latter authors, barring the very uncertain 
points at \ = 1,800 and \ = 2,000 A., even a V « » relationship is 


1 Verh. d. D. Phys. Ges., 9, 504, 1907. 

2 Ann. d. Phys. (4), 24, 939, 1907. 

*L...¢. 

4Phil. Trans. Roy. Soc. London, A, CCXII., 205, 1912. 
5 Verh. d. D. Phys. Ges., 15, 637, 1913. 
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just as well fitted by both the Richardson and Compton and the Hughes 
work asa V « vrelationship. The whole argument, according to these 
critics, rests, in Richardson and Compton’s case, on the value of the 
potential at\ = 2,000 which is so far in the ultra-violet as to yield a V 
which they think unreliable and which in fact fits neither curve well, 
while in Hughes’s case the argument rests on the value of the potential 
at A = 1,894 which they think even more unreliable. 

The work at the Ryerson Laboratory on energies of emission began in 
1905. How the present investigation has grown out of it will be clear 
from the following brief summary of its progress and its chief results. 

1. It was found first that these energies are independent of temperature,’ 
a result unexpected at the time but simultaneously discovered by Lienhop? 
and thoroughly confirmed by others later. This result showed that 
photoelectrons do not share in the energies of thermal agitation as they had 
commonly been supposed to do, and this result still stands. 

2. The apparent energies of emission, that is, the volts which had to 
be applied to just stop the emission were determined for eleven different 
metals and found to differ among themselves by more than one volt.! 
This point has recently been tested again by Richardson and Compton® 
and by Page,* both of whom find no differences. The present work shows 
that differences do in general exist though possibly not under the con- 
ditions used by the other experimenters. 

3. The energy of emission was found to vary considerably with time 
and illumination, a result which I interpreted as due to the disturbing 
influence of a surface film which exerted under different conditions dif- 
ferent retarding influences on the escape of electrons.® 

4. The results in 3 revealed the necessity of questioning the validity 
of all results on photopotentials unless the effects of surface films were 
eliminated either by removal of the films or by simultaneous measure- 
ment in vacuo of photopotentials and contact E.M.F.’s, or by both pro- 
cedures at once. Accordingly I initiated in 1910 on a somewhat elabor- 
ate scale simultaneous measurements on photoeffects and contact E.M.F.’s 
in vacuo on film free surfaces. Some of the results of these measurements 
on the common metals have been recently reported by Mr. Hennings.® 
Others are contained in this paper, and still others will be reported in a 
later paper. 

1 Phil. Mag. (6), 14, 188, 1907. 

2 Ann. d. Phys. (4), 21, 284. 

3 Phil. Mag. (6), 24, 582, 1912. 

4Am. Jr. Sci., 36, 501, 1913. 


5 Puys. REV., 30, 287, I910, and 34, 68, I912. 
6 Puys. REV., 4, 228, 1914. 
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5. The marked difference between the apparent effects on the energy 
of emission of different types of sources such as the spark and the arc, 
even when the same wave-length was employed, were traced to the 
extreme difficulty of eliminating disturbances when spark sources are 
employed—a difficulty of course appreciated from the first, but thought 
to have been disposed of because screening of the direct light from the 
arc removed the differences... After these disturbing influences were 
eliminated powerful spark sources of given wave-length were found to 
produce exactly the same energies of emission as arc sources of the same 
wave-length and of about the same mean intensity, but of only one 
thousandth the instantaneous intensity.2 This furnished very exact proof 
of the independence first discovered by Lenard of the energy of emission upon 
intensity, even when the intensity of illumination in one wave-length, viz., 
X = 3650, was as high as 10000 - — eee 

cm? sec 

6. The relation between V and vy was tested with spark sources 
without bringing to light at first anything approaching a linear relation- 
ship. These results were reported by Dr. Wright.’ A question as to 
their validity was, however, raised by my subsequent proof of the insuf- 
ficiency of such screening devices as had been used in the case of spark 
sources. Accordingly Dr. Kadesch took up again the relation between 
V and v with powerful spark sources, using film-free sodium and 
potassium surfaces, and obtained results which spoke definitely and 
strongly in favor of a linear relation between the maximum P.D. and ». 
The range of wave lengths studied was from 3,900 A. to 2,200 A. These 
results have been published* since Pohl and Pringsheim wrote their 
critique, else I think they would not have felt that the common assump- 
tion since 1905 of a linear relation between V and » rested upon so 
insecure an experimental basis. 

7. At the same time I undertook to investigate. with as much exactness 
as possible, using as a source the monochromatic radiations of the quartz- 
mercury arc, the third, fourth and fifth of the above assertions of Ein- 
stein’s equation, and in the vice-presidential address before the American 
Association for the Advancement of Science in December, 1912, expressed 
the hope that we should soon be able to assert whether or not Planck’s h 
actually appeared in photoelectric phenomena as it has been usually 
assumed for ten years todo. At that time the papers of Hughes and of 

1 Verh. d. D. Phys. Ges., XIV., 720, 1912. 

2 Puys. REV. (2), I, 73, 1913. 

3 Puys. REV., 33, 41, IQII. 


4 Puys. REV., 3, 63, May, 1914. 
5 Science, 37, 119, 1913. The following is the quotation from that address: ‘‘ But not only 
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Richardson and Compton had just appeared, though the latter paper I 
had unfortunately not seen at the time of writing and hence made no 
reference to it. These authors found the value of / in the Einstein 
photoelectric equation varying in the eight metals studied from 3.55 X 
10” to 5.85 X 10-7. Planck’s h was 6.55 X 107”, a difference which 
Hughes tried to explain by assuming either that only a fraction of the 
energy iv was absorbed or that the energy of emission against the direction 
of the incident light was less than that in the direction of the incident 
light. 
2. EXPERIMENTAL ARRANGEMENTS. 

In all of this photoelectric work at the Ryerson Laboratory the same 
general method has been employed, namely, the substances to be studied 
or manipulated have been placed in the best obtainable vacuum on an 
electromagnetically controlled wheel and all the needed operations have 
been performed by movable electromagnets placed outside. As new 
operations have been called for the tubes have by degrees become more 
and more complicated until it has become not inappropriate to describe 
the present experimental arrangement as a machine shop in vacuo. The 
operations which are now needed in all the tubes which are being used are 

1. The removal in vacuo of all surface films from all surfaces. 

2. The measurement of the photocurrents and photopotentials due to 
these film-free surfaces. 

3. The simultaneous measurement of the contact E.M.F.’s of the 
surfaces. 

To construct tubes in which these operations can all. be performed in 
rapid succession, particularly when the substances to be studied are, as 
in this case, the inflammable alkali metals, sodium, potassium and lithium, 
is not at all easy, and such success as is being obtained in these experi- 
ments is due in no small degree to the skill and experience of the mechan- 
ician, Mr. Julius Pearson, who has from the start made all the tubes and 
contributed not a little toward their design. Dr. A. E. Hennings and 
Dr. W. H. Kadisch, whose papers have already been referred to, have also 
assisted materially in the evolution of these tubes. That shown in Fig. 1 
is the ninth tube of this general plan which has been constructed. Since 
the detail in the photograph is not very clear it will be explained in con- 
nection with the diagram shown in Fig. 2. This diagram, however, 
relates to a tube used before that shown in the photograph and one in 
which the motions of the plate S in the measurement of the contact 
is the absorption of energy by an electron from a light wave proportional to v; its numerical 
magnitude is approximated a least by multiplying the frequency of the light by Planck’s, 
h. Itis true there is here no accurate agreement as yet for part of the energy absorbed by the 


electron is lost in getting out of the metal and the exact amount of this loss has not been 
measured with as much accuracy as we hope soon to be able to obtain,” etc. 
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E.M.F.’s were made mechanically instead of electromagnetically, other- 
wise the tubes are identical. 

The three metals on the periphery of the wheel w (Fig. 2) are cast 
cylinders of sodium, potassium and lithium. The measurements, here- 
with reported relate only to the sodium and the lithium, an accident 
having prevented the inclusion of data on potassium at the present time. 
The wheel w is rotated by the electromagnet (not shown in Fig. 2) which 
is nearest the observer in Fig. 1, until it is opposite the rotary knife K. 
The electromagnet F (Fig. 2) is then energized and slipped slightly for- 
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ward. It thus advances the armature M’ which is rigidly attached to 
the knife K by a rod which slips freely through the second armature M@ 
until the stop N strikes against M. In this motion the small centering 
rod which projects in front of the knife K enters a small cylindrical hole 
in the middle of the sodium cylinder. The magnet F is then demag- 
netized and slipped still farther forward until it is opposite the armature, 
M, re-energized and rotated on an axis coinciding with the axis of the 
tube. This motion advances the knife K, which is rigidly attached to M, 
by pushing the screw between K and M forward in the brass nut carried 
by a frame which is rigidly attached to the walls of the tube (Fig. 2). 
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K is thus advanced far enough so that upon rotation it will cut a thin 
shaving from the face of the sodium cylinder. F is then demagnetized, 
slipped back to its position opposite M’, energized and rotated and the 
shaving cut off. It will be clear that by suitably setting M the thickness 
of the shaving can be regulated at will. The shaving falls down into the 
enlargement on the bulb beneath the wheel where it is of use in freeing 
the tube from residual oxygen. The knife K is next withdrawn from the 
sodium by slipping back the electromagnet F. The wheel W is then 
rotated until the freshly cut sodium surface is normal to the beam of 
monochromatic light entering at O, and a number of photocurrents (see 
below) are taken corresponding to various P.D.’s applied between the 
sodium and the Faraday cylinder into which it projects. This Faraday 
cylinder consists of an inner cylinder of copper gauze and an outer one 
of solid copper. The gauze cylinder, of mesh 1/20 cm., is strongly oxi- 
dized by dipping it into a solution of copper nitrate and then holding it 
in a bunsen flame. The inner gauze cylinder and the outer solid one 
are insulated from each other by ebonite rings 3 mm. thick, though in 
this experiment they were always at the same potential because of the 
joining of the electrodes B and C. This type of Faraday cylinder, origi- 
nally designed by Ladenburg and Markow, was here used for the sake 
of giving the corpuscles which have just enough energy to reach the gauze 
a chance to go through the mesh and be caught between the gauze and 
cylinder, the idea being that the photocurrent-potential curve would 
plunge into the potential axis more suddenly and thus locate the maxi- 
mum positive potential more accurately than if a single cylinder were 
used. Furthermore, the gauze projected out beyond the sodium so as to 
catch all electrons which left the latter (see Figs. 1 and 2). 

At any desired time the freshly cut sodium or lithium surface was 
rotated until it was opposite the test plate S, which was of copper treated 
as to oxidizing, washing, drying, etc., exactly as was the copper cylinder, 
so that the contact E.M.F. between the sodium and S should be the same 
as that between the sodium and the gauze cylinder. This contact E.M.F. 
was measured by the Kelvin method, 7. e., by applying, with a potentiom- 
eter system, just such a P.D. between the sodium and the plate S that 
lifting S from a position say two tenths millimeter above the face of the 
sodium caused no motion in an electrometer needle connected to W. 
The accuracy of this determination was better than 4% per cent. All 
potentials measured in this work were in terms of the indications of a 
Weston Standard Laboratory voltmeter certified correct to 0.1 per cent. 
by the Bureau of Standards at Washington. 

Since the aim was to test with the utmost possible accuracy the slope 
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of the line connecting frequency with the maximum P.D. it was necessary 
first to know » with great precision and second to see that no trace of light 
of frequency greater than that plotted got through the slit of the spectro- 
scope. To this end a Heracus 200 volt quartz-mercury lamp was used 
as a source, the lines of a powerful spark source such as that used by 
Kadesch and also by Lenard and Ramsauer having been found much too 
impure for the purpose in hand. A grating photograph of the spectrum 
of the mercury lamp was taken and only such lines were chosen for use 
as had no companions anywhere on the short wave-length side. This 
photograph is shown in Fig. 3. The central lines belong to the iron com- 
parison spectrum, the mercury lines being above and below it. The lines 
chosen for use were \ = 5,461 (not shown in the photograph) A = 4339.4, 
A = 4046.8, A = 3650.2, A = 3125.5, A = 2534.7 and A = 2399. The 
wave-lengths were kindly determined by Mr. Walter T. Whitney. A 
glance at the photograph will show how well adapted these lines are 
for use as accurately determined monochromatic sources so far at least 
as the short wave-length side is concerned. Light filters to cut out stray 
short wave-length light were also used as described below. Since the 
measurement was to be made on the maximum P.D. and since this in- 
creases with decreasing wave-length it was not of great importance that 
the source be of great purity on the long wave-length side. The spectro- 
scope used was a Hilgar monochromator, the end of which is shown in 
Fig. 1. The slit width was uniformly .o1 inch save in the case of lines 
2,535 and 2,650 with which slit-widths as large as .04 inch were some- 
times used. 

The pressure in the apparatus, which was exhausted by a Gaede molec- 
ular pump, assisted by the chemical action of the sodium shavings, was 
carried down to a ten-millionth of a millimeter or less as measured by a 
McLeod gauge sensitive enough to permit estimates as low as the value 
mentioned. Such a gauge gives, of course, no indication as to the amount 
of mercury vapor present, but there appears to be no reason for thinking 
that this is not carried out by the molecular pump (which ran contin- 
uously throughout the observations unless otherwise stated) nearly as 
completely as are other gases. I have, however, made no tests upon this 
point and hence can make no positive assertions. 


3. SOURCES OF ERROR AND THEIR ELIMINATION. 


(a) Magnitude of Photocurrents—Since photopotentials are inde- 
pendent of light intensity, it is evident that the accuracy with which the 
point of intersection of the photocurrent-potential curve with the potential 
axis can be determined is directly proportional to the magnitude of the 
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photocurrents at any particular potential, for example at saturation. 
The photocurrents from a freshly shaved sodium surface are, in the best 
attainable vacuum, hundred of times larger than those from surfaces a 
few hours old. Results of especial interest in this connection will be 
found in a following paper. 

The method employed for obtaining the maximum energy of emission 
in volts was not to attempt to locate experimentally just that retarding 
potential which would prevent the escape of electrons from the sodium 
or lithium to the gauze—a very uncertain procedure at best—but rather 
to plot the photocurrent-potential curve in the neighborhood of the 
balance point and then to locate this point graphically. These currents 
were measured with a Dolezalek electrometer connected to the joined 
electrodes B and C (Fig. 2). This electrometer had a sensibility of 2,500 
mm. per volt, and the scale could be read to 0.2 mm. 

The currents were measured by the deflections obtained in an illu- 
mination of 30 seconds, and the deflections used in the location of the 
balance potentials in the case of the sodium ranged from 3 mm. to 80 mm. 
But with all the lines studied the saturation currents were from 75 to 500 
times these maximum currents used in locating the balance points. Thus 
the saturation current for line 5,461 was 3,000 mm., that for line 4,339 
was 6,000 mm., that for line 4,047 was 6,000 mm., that for line 3,650 
was 31,000 mm., that for line 3,125 was 17,000 mm., that for line 2,652 
was 3,000 mm. and that for line 2,535 was 7,800 mm. This means that 
the complete curves the beginnings of which are shown in Fig. 5 would 
be from three to twenty meters high. These enormous currents, when 
measured in scale divisions, make the location of the intercepts on the 
potential axis a matter of much precision. Smaller currents were used 
in part of the measurements to be reported both because light filters 
were introduced (see below) and because a considerable portion of the 
energy passing through the slit was absorbed in a thermopile introduced 
for the sake of making simultaneous photoelectric and energy measure- 
ments. 

(b) Electrons Liberated by Reflected Light.—In general the balance 
potential does not correspond at all to the potential necessary to stop 
the electrons having the highest energy of emission, but rather to the 
potential at which the stream of electrons escaping from the illuminated 
surface is equal to the stream liberated from the walls opposite that 
surface by light reflected to these walls. With small photocurrents the 
difference between the two potentials may be very large. Of course, 
the attempt is usually made to measure and allow for this reverse elec- 
tronic current by applying a large positive potential to the illuminated 
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electrode and noting the apparent positive leak, but a correction made in 
this way is very uncertain. It was because of this error that Richardson 
and Compton placed less reliance on their determination of maximum 
energy of emission that on that of mean energy. But the validity of 
Einstein’s equation can only be tested by accurate determinations of the 
maximum energy. This “ back leakage’’ was here eliminated com- 
pletely by using only light for which the illuminated electrode was 
photoelectrically sensitive, but for which the surrounding walls were not 
photo-sensitive. In the following experiments with sodium the long 
wave-length limit of the oxidized copper walls was \ = 2688 A 
but the sodium was sensitive up to ’ = 6800 A. For any intermediate 
wave-lengths, though the saturation currents were measured by a deflection 
of from 3 to 31 meters, there was not a quarter of a mm. of deflection in 30 
seconds when the sodium was given a positive potential of 6 volts. Hence 
the balance potentials corresponding to the lines from 3,125 to 5,461, 
inclusive, were obtained with very great precision, so far as this effect 
alone was concerned. Line 2,535 was below the long wave-length limit 
of the walls of the Faraday cylinder which was used in the measurements 
on sodium, so that a positive potential of 6 volts applied to the sodium 
produced a back leak of 20 mm. in 30 seconds, because of electrons 
liberated by the reflected light. This was corrected for in plotting line 
2,535, but I consider the balance potential for this line as less reliable 
than those for the other lines. When it is remembered that most pho- 
topotential-frequency curves have been obtained from observations on 
lines between 2,500 and 1,800 where this positive leak is always very 
large it is not to be wondered at that most erratic and uncertain results 
have been obtained. 

(c) Contact Electromotive Forces—The measurement of the contact 
E.M.F. between the alkali metals and the test plate showed that it varied 
from 0.4 volt up to 3.0 volts—depending upon the condition as to age, 
absorbed gas, etc., of the surfaces tested. This shows the futility of 
attempting to obtain accurate information about photopotential-fre- 
quency relations in the case of the alkali metals without simultaneous 
measurement in vacuo of photopotentials and contact E.M.F.’s. Further- 
more, these changes in contact E.M.F. were found to take place quite 
rapidly immediately after a fresh surface had been formed by shaving. 
These results will be more fully reported in a following paper. For the 
purpose of this study it was more convenient and more accurate to find 
conditions under which the contact E.M.F. would remain constant over a 


1 In the experiments with lithium the receiving cylinder has been changed and its long wave- 
length limit was distinctly and definitely lower, namely \ = 2535 A°. 
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time sufficiently long to make possible a full series of photopotential- 
frequency measurements, than to correct each photopotential measure- 
ment by a simultaneous contact E.M.F. determination. Such conditions 
were found after considerable experimenting and oddly enough they were 
obtained not in the best obtainable vaccum, but with a pressure of as 
much as .o1 mm. of gas in the bulb. Under such conditions there was 
obtained the very desirable combination of a constant contact E.M.F. 
and very large and fairly constant photocurrents so that the most reliable 
photopotential frequency curve yet taken on sodium (that shown in 
Figs. 5 and 7) was taken at a pressure as high as .o1 mm. of mercury. 
These results were in perfect agreement, however, so far as concerns “ h,”’ 
with others obtained in the best obtainable vaccum by another method 
(see below). 

(d) The Length of the Photopotential-Frequency Curve-—The smallness 
of the range of frequencies throughout which reliable photopotentials 
can be measured has already been mentioned as the gravest source of 
uncertainty in attempting to test any one of assertions 2, 3, 4 or 5 of 
page 356. Ladenburg’s whole wave-length range, viz., from 260 yy to 
201 wp» gave him a curve of length but 59 wu and that in a region in 
which, in view of the sensitiveness to the reflected light of all substances 
of which the collecting Faraday cylinder can be made, accurate measure- 
ments of photopotentials cannot be obtained. Hughes’s range of 69 uu 
was in a less favorable region 185 uu to 253 wu even than Ladenburg’s. 
All of Richardson and Compton’s published photocurrent-potential 
curves save those on Al and Na correspond to wave-lengths between 
\ = 210 wu and X = 275 uy, 2. e., the range is 65 wu or about the same as 
in Ladenburg’s experiments, and the spectral region is the same. With 
aluminum the range was from 200 wy to 310 wy, or a total of 110 wu, and 
it was against the validity of the conclusions from the work on Al that 
Pohl and Pringsheim critique was chiefly directed. | On sodium, Richard- 
son and Compton obtained no complete photocurrent-potential curve, 
but made measurements on maximum positive potentials with wave- 
lengths 436, 366, 313, 254, and 210uy. The settings on 254 and 210 
are subject to the same difficulty due to reflected light as are my own 
readings on these lines, so that although they made no measurements of 
contact E.M.F.’s of sodium in vacuo, their range of wave-lengths at 
which reliable settings on maximum energy of emission might have been 
made if the contact E.M.F.’s had been known was from 430 uu to 
313 we OF IT7 mm. 

Kadesch’s observations on sodium and potassium covered the range 
of 390 wu to 220 wy or 170 wy. 
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The present observations on sodium cover the range from 680 uy, to 
240 uu, or a total of 440 wz and the potentials determined with a very 
high precision (about .o1 volt) cover the range 577.0 to 265.0 or 312 wy, 
1. e., the range is four times that of Ladenburg and Hughes and the 
region in which thoroughly trustworthy settings can be made is nearly 
three times that of Richardson and Compton or of Kadesch. 

(e) Scattered Short Wave-Length Light.—With the very large sensibility 
of from 2,000 to 31,000 mm. of deflection for saturation currents, settings 
on the potential necessary to entirely stop a negative discharge would be 
incorrect if there were the slightest trace of scattered light of wave-length 
considerably shorter than that of the line being studied. There were in 
these experiments slight indications of such traces of short wave-length 
light, deflections of several millimeters in 30 seconds persisting in some 
cases considerably beyond the potential at which the photocurrent- 
potential curve was approaching the potential axis. In other words 
with increasing positive potential this curve would fall very rapidly toward 
the potential axis until it almost touched it and then shoot out nearly 
horizontally and approach it asymptotically. That these flat “ feet ”’ 
to the photocurrent-potential curves were due to stray short wave-length 
light diffusely reflected from the prism faces, lenses, or the plane reflector 
of the Hilgar monochromator was rendered probable by the fact that 
they were more pronounced with the longer wave-lengths than with the 
shorter, and also by the fact that they changed in amount when the 
plane reflector furnished with the instrument was replaced by one of 
speculum metal made in the laboratory. It was conclusively proved 
when it was found that the interposition of filters which absorbed all 
wave-lengths shorter than the one under investigation caused these 
“feet” to disappear entirely. Figure 4 shows a rather extreme case 
of the falsification of the true photocurrent-potential curve by such stray 
short-wave-length light. The metal studied.was here lithium. The 
slit width was 02 inch and a considerable portion of the light which 
came through it was intercepted by a thermopile so that the saturation 
currents were smaller than those mentioned above, as the data on the 
figure shows. It will be seen from this data that line 2,535, which is the 
last strong line at the short-wave-length end of the mercury arc spectrum, 
did not show any trace of this stray light effect, for at + 1.3 volts, only 
.OI volt beyond the intercept there was not a trace of a deflection although 
.2 mm. could have been easily detected. It will be seen too that at +5.7 
volts there was also no trace of a deflection, thus showing that in this 
case line 2,535 was above the long-wave-length limit of the receiving 
Faraday cylinder. These readings together with the shape of the curve 
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constitute the best of evidence that neither stray short-wave-length light 
nor reverse electronic currents (Richardson and Compton’s “‘ back leak- 
age’) vitiate in any way this curve corresponding to line 2,535. But 
the curve corresponding to line 4,339 has a very pronounced “ foot” 
(see Curve I.) which however disappeared completely upon interposing 
a filter of aesculin in a glass trough—a combination which was found 
to cut out entirely all lines below 4,339 including the strong adjacent 
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line 4,047. Note that there was now no trace of a deflection either at 
—.6or at —.7 volt (see Curve II.). These curves and a great many similar 
ones which I have taken seem to me to establish beyond question the contention 
that there is a definite, exactly determinable maximum velocity of emission of 
corpuscles from a metal under the influence of light of a given frequency. 
Ramsauer’s! recent conclusion to the contrary is due, I think, to the fact 
that the errors caused by stray short-wave-length light (falsches licht) 
were so large as to falsify entirely the lower parts of his velocity distri- 
bution curves. His correction for “ falsches licht ”’ actually amounted 
to as much as 10 per cent. of his saturation currents.? It will be seen 
that the effect of this stray short-wave-length light is to push the maxi- 
mum potentials corresponding to the longer wave-lengths too far in the 
direction of positive potentials, while the effect of reverse electronic 
currents is to push the intercepts corresponding to the shorter wave- 
lengths, which alone they influence, in the opposite direction. These 
two errors are probably chiefly responsible for the fact that the slope h/e 
has heretofore come out so erratically and so low. 


1 Ann. der Phys., 45, p. 1120, 1914. 
2 For more complete discussion of Ramsauer’s experiments see R. A. Millikan, Puys. REv., 
January, 1916. 
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In the present work there were selected, for each line studied, filters 
which absorbed all, or nearly all, of the energy of wave-length shorter 
than that of the line under investigation. Since, however, these filters 
diminish largely the total saturation currents their use tends to diminish 
the accuracy of locating the intercepts. Hence after it has been estab- 
lished that the flat ‘“‘ feet ”’ of the curves are due to stray light, it is perhaps 
just as well to reduce these feet as much as possible, without the use of 
filters, that is, by having all transmitting and reflecting surfaces as clean 
and as perfect as possible and all absorbing surfaces as black as possible, 
and then simply to cut the feet off. Thus even in the extreme case 
shown in Fig. 4, Curve I., very little error in the intercept would have 
been made by drawing the curve altogether without reference to the last 
eight small readings. In the work on the sodium, after a study of all 
the lines had been made with filters and the stray light effects reduced 
to the order of a millimeter in 30 seconds, the filters were dispensed 
with entirely and curves plotted corresponding to observed deflections 
between 3 mm. and 80 mm. The result is shown in Fig. 5. 

(f) Maximum Energy of Emission vs. Most Frequent Energy.—Richard- 
son and Compton place least reliance upon their determinations of maxi- 
mum energies of emission and draw most of their conclusions from a 
consideration of the most frequent energy of emission, making the assump- 
tion that with all wave-lengths the ratio between the most frequent 
energy and the maximum energy is a constant. In the present experi- 
ments with sodium this was not found to be the case, and in general it 
seems probable that the assumption cannot be strictly true. For even 
if the surface of the sodium were a perfectly homogeneous substance 
(evidence against this view will be brought forward in a second paper), 
the differences in the penetrating power of light of different wave-lengths 
into the sodium, as well as the differences in the absorptions of electrons 
of different speeds in the layers of sodium through which they emerge, 
would seem to require differences in the velocity distribution curves ob- 
tained with different spectral lines. Hence, there would seem to be no 
warrant for expecting to obtain a reliable test of any of the assertions of 
Einstein’s equation by comparing the most frequent velocities of emission 
produced by different lines. Jf Planck’s “‘h” is actually involved in 
photoelectric phenomena its presence can be expected to be brought to light 
only by accurate measurements on the maximum energies of emission under 
the influence of lights of different frequencies. Attention was, therefore, 
here directed entirely to this end. 
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4. THE DETERMINATION OF h. 


Fig. 5 shows the most reliable single set of photocurrent potential 
curves yet taken for the different lines. For compactness the whole 
right half of the figure, namely the half containing lines 3,650 to 5,461, 
is placed below the half containing lines 2,535 and 3,125. It will be 
seen that all the curves, save that corresponding to \ = 2,535, strike the 
potential axis on the side of negative volts. This means simply that e 
times the contact P.D., which, since sodium is positive with respect to 
copper, acts as aretarding potential, exceeds the energy of emission save 
in the case of line 2,535. It will be seen also that the maximum possible 
error in locating any of the intercepts is say two hundredths of a volt and 
that the total range of volts covered by the intercepts is more than 2.5. 
Each point, therefore, of a potential-frequency curve should be located 
with not more than a per cent. of uncertainty. The frequencies are, of 
course, known with great precision. In the case of a group of lines such 
as that about 3,650 or 4,339 (see Fig. 3) the shortest wave-length of the 
group is taken since it alone determines the position of the intercept. 
The actual potentiometer readings and the corresponding deflections in 
mm. for all these lines are givenin Table I. In the plotting the deflections 














TABLE I. 
a ~ 41339- | 408 3,650. 3,126. a 2,535- 
Volts : é ‘Volts : : vote Def, volts, | DSTO voits. Def'n.,, vos Def. 
ee: ee = = = a See Seen 
2.257 | 28 1.581 44 | 1.576 82 1.157 671% | .5812 52 —.0576 | 68 


2.205 14 |1.629 20 | 1.524) 55 1.105 36 5288 29 +.0576 38 

2.152, 7 1.576 10 | 1.471| 36 1.0525 | 19 4765 12 +.1620 26 

2.100 3 1.524 4 |1.419) 24 1.0002 11 4242 5 +.2670 16% 
| 1.367 3 .9478 4 3718 244| +.3720 8 





in mm. were multiplied by such factors as were necessary to give all the 
curves practically the same maximum ordinate. No corrections of any 
kind were applied to the readings save in the case of line 2,535 (see section 
3, b above). 

The result of plotting the intercepts on the potential axis against the 
frequencies is given in Fig. 6. It will be seen that the first result is to 
strikingly confirm the conclusion reached successively by Joffé, Hull, 
Kunz, Hughes, Richardson and Compton and Kadesch as to the correct- 
ness of the predicted linear relationship between maximum P.D. and », 
no point missing the line by more than about a hundredth of a volt. 

The slope of this line was fixed primarily by a consideration of the five 
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points corresponding to lines 5,461, 4,339, 4,047, 3,651 and 3,125, of 
which the first, the fourth and the fifth are particularly reliable. 

Since no potential departs from the line by more than .o1 volt and 
since the range of volts is about 2, it is a conservative estimate to place 
the maximum uncertainty in the slope at about I in 200 or 0.5 per cent. 
The value of this slope in volt-frequencies is 4.124 X —°. Setting this, 
when reduced to absolute units, equal to h/e and inserting my value of e, 
namely 4.774 X 10-”, there results h = 6.56 X 107%. 

The measurements thus far reported were all made upon a particular 
surface several hours after it had been cut, the conditions being exactly 
the same with all the lines, the only change made throughout the whole 
series of observations consisting in shifting the incident light from one 
wave-length to another by the adjustments provided on the Hilger mono- 
chromator. Such a shift required but a couple of minutes at the most. 
The gas pressure within the bulb amounted to as much as a hundredth of 
a millimeter, for the reason that after considerable experimenting it was 
found that under these conditions, though the contact E.M.F. varied 
rapidly and largely immediately after shaving, in an hour or so it reached 
a constancy which it maintained for several hours. Furthermore, this 
constant contact E.M.F. was accompanied by very large and fairly 
constant photocurrents—a condition very essential to accuracy in the 
determination of photo-potentials. In a high vacuum, though the 
contact E.M.F. does not change rapidly after shaving, the photocurrents 
often decay to a third or a fourth of the initial value in half an hour, so 
that it is impossible to get a complete set of curves like the above. 

Having placed beyond a doubt, however, the fact of the linear relation 
between V and », it was possible to determine the slope of the line in 
the highest attainable vacuum by locating two distant points on it in 
rapid succession. Wave-length 5,461 was always chosen for one of 
these points because its great intensity and large wave-length 7. e., steep 
slope, adapt it admirably to an accurate determination of the intercept 
on the potential axis. This intercept was determined a few minutes 
after shaving, while the molecular pump was kept running and the 
McLeod gauge showed a pressure of perhaps a ten millionth of a milli- 
meter, then the intercept of the other chosen line was found as quickly 
as possible by the method used above, after which the intercept of 5,461 
was again taken. If the contact E.M.F. was changing uniformly this 
change should be eliminated by taking the mean intercept of line 5,461. 
The results of nine different determinations of slope made in this way on 
different days and with different wave-lengths to compare with 5,461 are 
given in Table IT. 
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TABLE II. 

Wave-Length Compared 

. with 5,461. Slope in Volt-Frequencies. 
3,126 4.11 x10~-% 
3,650 414 “ 
3,126 410 “ 
3,650 412 “ 
3,126 4.24 “ 
4,047 3.98 “ 
2,535 404 “ 
3,126 4.24 “ 
4,047 4.21 ~ 

re 4.131 K107-% 


The estimated uncertainties in these slopes, as set down at the time of 
taking, range from I per cent. to 4 per cent., those corresponding to lines 
3,650 and 3,120 being most reliable. I have not, however, attempted 
to weight the individual observations in taking the mean. This is seen, 
however, to be in very close agreement with the value found from Fig. 5. 
We may conclude then that the slope of the volt-frequency line for sodium 
is the mean of 4.124 and 4.131, namely 4.128 X 10~- which, with my 
value of e, yields 
h = 6.569 X 10~” erg. sec. 

The measurements on lithium were made in a new tube and the new 
receiving Faraday cylinder was found to have a long wave-length limit 
150 A. lower than its predecessor so that the maximum positive 
potential due to line 2,535 could now be determined with precision. 
Lithium was found to differ from sodium in that the surface formed by 
shaving in vacuo remained strongly photo-sensitive for an indefinite 
period. It was studied without shaving through a period of six months 
during which time it showed no marked decay. The set of observations 
in Table III was taken a few days after shaving without filters but with 


TABLE III. 








4339- | 4047. 3659. | 3125. 2535. 
Volts. | Def'n., | 
mm. | 

~6.00 | 1,300.0 —6.000 1,950.0 —6.000 | 6,000.0 —6.000 | 6,000.0 —6.000 | 3,500.0 
—1.200} 10.0/—1.087| 21.5 —0.680| 19.0|— .077, 16.0'+0.736| 18.0 
—1.153 5.7|—1.027| 10.5 —0.628| 9.5 000} 6.3/4+0.777| 10.5 
—1.103 2.7|—0.984; 6.7 —0.575) 5.0 + .058|; 2.3 +0.814 | 6.7 








Volts. Defn., | voits. | Def'n., Volts. Def'n., | Volts. | Def'n., 
mm, mm. mm mm, 








—1.058} 1.7/-0.941, 3.5 0539! 2.7 + 100) 1.1/40.873| 4.0 
—1.000!  1.1/-0.900 25 0495| 15) + .151| 5 +3.928| 2.0 
— 950; 0.6|-0.845 1.0 0437/ 6/+.200) .2|+0.969| 1.0 
— .870 0.5 | —0.793 0.5 0.390) 2 | +1.019 0.5 
\-0.737 0.25 | | | +1.069| 0.0 

| | 


| l | |+6.000} 0.0 
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all the precautions for avoiding stray short-wave-length light which had 
been used with the sodium. Line 5,461 was entirely above the long-wave- 
length limit of the lithium, but the other lines gave readings as follows: 

It will be seen that the observations were purposely extended down to 
very minute deflections where the effects of stray short-wave-length light 
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are observable, but in drawing the curves it was planned beforehand to 
ignore all deflections under 3 mm., so as to have the results comparable 
in every way with those on sodium. In this way the intercepts in Fig. 7 
were all determined precisely as they now stand before plotting as in 
Fig. 8 was tried at all. It will be seen from Fig. 8 that the points so found 
are in perfect alignment, and that the slope of the line is extraordinarily 
close to that found with sodium. Several months later, on the then old 
lithium surface, another set of observations was taken using a new 
spectrometer. The observations are those shown in Fig. 4. Fig. 9 
shows the same observations graphed so as to determine h. This quan- 
tity is seen to come out exceedingly close to the value found several 
months earlier on the new surface. From the two determinations on 
lithium we obtain the mean 


h = 6.584-* erg. sec. 


the uncertainty here being perhaps as much as 1 percent. In the matter 
of precision I place the greater reliance on the value 6.57~*’ obtained from 
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the experiments on sodium. If, as estimated above, this is in error by 
no more than .5 per cent. it is by far the most reliable value of h which 
is thus far available. Planck’s original value was very close to this, 
namely 6.55 X 10~*’, but it was obtained from a product ab‘ in which 
Planck used a = 7.061 X 10- (erg./cm.’ degree’) and 6 = .294 cm. 
degrees. In the latest edition of the ‘‘ Warmestrahlung,” published in 
1913, the value taken for a is 7.39 X 107", while that for b is 0.289. The 
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original value of # was obtained, then, from the product of two factors, 
the first of which Planck has since changed by 4.7 per cent. (the actual 
uncertainty in it was twice this amount), the second by 1.7 per cent. 
X 4 = 6.8 per cent. so that the original value of # contained at the lowest 
possible estimate, an uncertainty of “(4.7)? + (6.8)? = 8 percent. The 
value of # at which Planck arrives in the last edition of the Warmes- 
trahlung is 6.415 X 10-*’, but Westphal whose value of a Planck used, 
has now raised his value by 2.35 per cent. while the uncertainty in 0 (i. e., 
in C2) is still at least 0.6 per cent., since this is the difference between the 
Reichsanstalt value cz = 1.436 and Coblenz’s value cp = 1.4456. There 
is still, then, in each of the factors ab‘ an uncertainty of at least 2.5 per 
cent. and hence an uncertainty in h of “ (2.5)? + (2.5)? = 3.5 per cent. 

Planck’s equations combined with radiation data are not then as yet 
able to yield a value of h which is comparable in accuracy with that 
obtained from these photoelectric measurements. 

If, however, Planck’s equation is correct we can determine h with 
much precision from my value of e and recent data on the total radiation 
constant which is related to the a of Planck’s equation through a = 4¢/c, 
c denoting the velocity of light. 
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Thus Planck’s equation is 


ki (#7 t 
sa— ) 
c a 





and if we insert my value of k,! which has the same precision as e and the 
value of a corresponding to Westphal’s latest conclusions as to the 
value of o, namely 5.67 X 107°, we obtain 


1.372 X 10716)§ 448 & 1.0823\! 
_ (1:37 ) (7 % 4.0823)" = 6.57 X 10” 


2.999 X 10” 56 X 107! 


The above value of « Westphal has kindly sent me by letter as the result 
of new work at the Physical Institute in Berlin. It agrees exactly with 
Shakespear’s value,? and Coblenz’s recent work on o seems to indicate 
that it is not likely to be in error by more than a per cent. If its error 
is no greater than this, then the above value of h, which involves a 
should be in error by no more than 14 per cent. This value will be seen 
to be in exact agreement with the present photoelectric determination 
which I have estimated as involving an uncertainty of $ per cent. 

We are now in position to compute with the aid of Planck’s equation 
both of the constants o and c, of black body radiation from my direct 
measurements on e and h. oa isof course seen from the preceding calcu- 
lation to come out 5.67 X 107°, while the value of cz is found to be 
1.436 cm. degrees.2 This is exactly the Reichsanstalt value found in 
1913.' 

Planck's ‘“‘h”’ appears then to stand out in connection with photo-electric 
measurements more sharply, more exactly and more certainly than in con- 
nection with any other type of measurements thus far made. ‘The reason 
it has not appeared with greater certainty before despite the fact that 
the experiments of Ladenburg, Kunz, Hull, Hughes, Richardson and 
Compton and Kadesch have all been interpreted in terms of Einstein’s 
theory is found, I think, chiefly in the uncertainty in determining volt- 
frequency relations when special precautions are not taken to avoid 
stray short-wave-length light, and when the wave-lengths used are below 
the long-wave-length limit of the receiving surface, 1. e., below about \ = 2,700. 
Richardson and Compton’s work was all done below this limit save in 
the case of sodium and aluminum and although the values of h obtained 
with these substances should have been the most reliable, the sodium 
gave h = 5.2 or 20 per cent. too low, while the Al gave h = 4.3, or 35 per 
cent. low. 


1 Puys. REv., Vol. II., p. 143, 1913. 
2 Proc. Roy. Soc., 86, 180, IgII. 
3 See Puys. REv., II., 142, 1913. 
4 Ann. der Phys., 40, 609, 1913. 
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5. THE LoNG-WAVE-LENGTH LIMIT OF PHOTOSENSITIVENESS. 


The observations corresponding to Figs. 5 and 6 were all taken between 
one and seven hours after shaving when the gas pressure within the bulb 
amounted to one or two hundredths of a millimeter. A contact E.M.F.- 
time curve was then taken under identical conditions, and with the 
following results. The contact E.M.F. before shaving was 2.819 volts, 
it fell upon shaving to 2.30 volts. Then rose at a fairly uniform rate 
for half an hour to 2.520 volts, where it remained so nearly constant for 
nine hours that an observation made 6 hours after shaving gave a value 
2.495 volts, while one made nine hours after shaving gave 2.493 volts. 
After nine hours the molecular pump was started and the gas all pumped 
out, whereupon the contact E.M.F. rose at once to 2.820 volts, its initial 
value. The contact E.M.F., then, during the period of taking the 
photopotential curve remained constant at a value which was within a 
hundredth of a volt of 2.51 volts. Accordingly, in order to find the value 
of the frequency at which, if there were no contact field, the light could 
just cause an electron to escape from the metal, 7. e., in order to find the 
frequency which causes an electron to leave the surface of the metal with 
zero velocity it is only necessary to push up the volt frequency line of 
Fig. 6 by the amount of the contact E.M.F., viz., 2.51 volts, and then to 
find its intercept on the frequency axis. The dotted line of Fig. 6 
shows this line thus displaced. The intercept is seen to be at v9 = 43.9 
x 10% which corresponds to \» = 6,800 A. This is far above the long- 
wave-length limit of sodium as computed by Richardson and Compton 
who published the two estimates 5,770 and 5,830. Yet it was found by 
direct measurement that the long-wave-length limit of this sodium was at 
least in the neighborhood of 6,800. For the yellow lines 5,790 and 5,770 
produced together a saturation current which was ;°;°5 of that produced 
by line 5,461. Indeed the balance potential for these lines was deter- 
mined and found to lie on the straight line of Fig. 6 within the limits of 
error of its determination, but the point corresponding to 5,461 was so 
near to it and could be determined with so much greater accuracy, that 
no attempt to use the former point in the determination of i was made and 
it was not placed on the diagram of Fig. 6. Also the red line 6,235 pro- 
duced a marked saturation current of value 55 of that of the yellow group. 
With the aid of Mr. Wilmer Souder who is making in this laboratory 
photoelectric-efficiency measurements on these same surfaces, the energies 
in the lines 5,461, 5,780 and 6,235 were found with a thermopile to be in 
the ratios 71, 100, 10, respectively. From these data the saturation 
photocurrents per unit intensity for these three lines are found to have 
the ratios 140, 50, 25. Plotting these numbers against wave-lengths and 
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drawing a smooth curve, we can locate the intercept on the wave-length 
axis that is, the long-wave-length limit, within perhaps 100 A. The 
result is shown in Fig. 10. This procedure is probably 
the simplest way of avoiding the disturbing effects 
of stray short-wave-length light in determining direct- 
ly the long-wave-length limit. Evidence will be pre- 
sented in a later paper to show that this limit is by 
no means a constant—a fact also emphasized by Pohl “7>3 7 
and Pringsheim,' but the two sorts of measurements Fig. 10. 

upon it herewith reported are made at practically the 

same time so that their agreement is a real test of the validity of Einstein’s 


unit 





equation. 

Lithium is better suited to this sort of a test than is sodium for 
the reason that its long-wave-length limit falls in the middle of the 
visible spectrum where all the elements necessary to the comparison 
are most easily and reliably observable. Both Fig. 8 and Fig. 9 show 
such comparisons, the first on a new lithium surface, and the second on 
the same surface several months later. It is to be particularly noted 
that while the measured contact E.M.F. between the lithium and the 
oxidized copper plate was 1.51 volts in the observations shown in Fig. 8, 
it was only 1.11 volts at the time the observations shown in Fig. 9 were 
taken, yet the displacing of the V v line by the amount of this measured 
contact E.M.F. yields in each case excellent agreement between the vo 
determined from the intercept on the v axis and that determined by direct 
observation (see lower right hand corners of Figs. 8 and 9). I should be 
unwilling to claim that the direct observations fix the long-wave-length 
limit with a precision greater than 100 A. Nevertheless these observa- 
tions seem to leave no room whatever for doubt that the agreement de- 
manded by Einstein’s equation between the two methods of determining 
vo actually exists. 


6. Contact E.M.F. AnD LONG-WAVE-LENGTH LIMITs. 
I have shown elsewhere? that Einstein’s equation demands that the 
contact E.M.F. between any two conductors be given in terms of photo- 
electrically measured quantities thus 


h 
Contact E.M.F. = = (% — vo) — (Vo — Vo), (2) 


in which yo and yo’ are the long-wave-length limits of the two conductors 
and V» and V,! are the maximum potentials which must be externally 


1 Phil. Mag., 26, 1017, 1913. 
2 Puys. REv., January, 1916. 
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applied to just prevent corpuscular discharge by light of any particular 
wave-length from these two conductors to any third conductor. If the 
long-wave-length limit of the copper oxide receiving cylinder can be 
determined this equation can be quite accurately tested by means of the 
experiments recorded above. The desired measurement on the Faraday 
cylinder was made with no little precision by utilizing the observation 


mentioned in section 3b that when the sodium for example was charged 


to a positive potential of say 6 volts, if the wave-length used was longer 
than the long-wave-length limit of the cylinder, there was no trace of 
an apparent positive leak to the cylinder upon illuminating the sodium, 
but as soon as, with decreasing wave-length, the long-wave-length limit 
of the cylinder is reached, such a leak will appear because of the liberation 
of electrons from the walls of the cylinder by the light reflected to them. 
I have already mentioned that with line 3,125 although it produced with 
— 6 volts on the sodium a current of 17,000 mm. in 30 seconds, when the 
sodium was given a potential of + 6 volts and illuminated there was 
not a quarter of a millimeter of deflection. Since the greater part of 
the light incident on the sodium is reflected back to the Faraday cylinder, 
this shows that line 3,125 is completely and definitely above the long- 
wave-length limit of the copper oxide. Lines 3,022 and 2,967 and 2,804 
are weaker and their indications are accordingly less definite, but no 
positive leak was obtained with them. But with wave-length 2,652, 
which with —6 volts give a deflection of 5,300 mm., + 6 volts produced 
a deflection in 30 seconds of 3 mm. and with A = 2,535, which with — 6 
volts gave 7,800 mm., + 6 volts produced a deflection of 20 mm. The 
energies of the two lines were found in the ratio 5.3 to9.1. Plotting then 
deflections per unit intensity, viz., 20/9.1 = 22 and 3/5.3 = 5.66 against 
the corresponding wave-lengths and extending the straight-line connecting 
these two points t@ the wave-length axis we find the intercept at A 
= 2,688 A. which may be taken as the long-wave-length the limit of the 
copper oxide, and in view of the steepness of the curve it is not likely 
that this point is in error by more than say 30 A. The corresponding 
vo is 111.6 X 10%% From the relation d volts/dvy = 4.128 X 10- we 
can compute the maximum energy of emission in volts of corpuscles 
under the influence of line 2,535 (which corresponds to »y = 118.2 X 10") 
from a surface for which this energy is zero at \ = 2,688 A. It is 


4.128 X 107%(118.2 — 111.6) X 10% = .27 volt. 


This is Vol. With line 2,535 Fig. 5 shows that the observed Vo for sodium 
was .52 volt, so that Vo — Vo! = .52 — .27 =.25 volt. But 
h/e(va — vo’) = 4.128 X 107°(118.2 — 43.9) X 10% = 2.79 volts. The 
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measured contact E.M.F. at this time was 2.51 volts (see p. 382 and 
Fig. 6). Hence equation 2 becomes 


2.51 = 2.79 — .25 = 2.54, 
which is but about I per cent. in error. 

Similar computations made with lithium showed equally good agree- 
ment. As stated above the Faraday cylinder used with the lithium was a 
new one and with line 2,535, + 6 volts on the lithium failed to reveal 
any trace of a reverse electronic current. But with line 2,400 A this 
reverse current was distinctly and definitely present, although line 2,400 
is weak in energy compared with 2,535. Line 2,535 was then in this 
case very close to the long-wave-length limit. Considering the limit at 
this line we have Vo’ = 0. But Fig. 8 shows that at that time the contact 
E.M.F. was 1.52 volts, while Vo for line 2535 was 1.00 volt and v9 
= 57 X 10%. Hence h/e(vo — vo’) = 4.128 XK 107 (118.2 — 57.0) X 
10% = 2.526 volts, and equation (2) becomes 


1.52 = 2.526 — 1.00 = 1.526. 


In the measurements taken six months later, although the contact 
E.M.F. had dropped to 1.11 volts, equation 2 still predicts the observed 
value. For now (see Fig. 9) h/e(vo — vo’) = 4.128 X 107°(118.2 — 59.7) 
xX 10% = 2.415 volts and Vp» = 1.29 volts, so that equation 2 becomes 


I.II = 2.415 — 1.29 = I.125. 


Einstein’s equation appears then to stand up accurately to all of the five 
quantitative tests demanded of it on page 356. 


g. THEORIES OF PHOTO EMISSION. 


Perhaps it is still too early to assert with absolute confidence the 
general and exact validity of the Einstein equation. Nevertheless, it 
must be admitted that the present experiments constitute very much 
better justification for such an assertion than has heretofore been found, 
and if that equation be of general validity, then it must certainly be 
regarded as one of the most fundamental and far reaching $f the equations 
of physics; for it must govern the transformation of all short-wave-length 
electromagnetic energy into heat energy. Yet the semi-corpuscular 
theory by which Einstein arrived at his equation seems at present to be 
wholly untenable. I have pointed out elsewhere! that this theory was 
but a very particular form of the ether-string theory advanced by J. J. 
Thomson? two years earlier, for it simply superposed upon that theory 
the additional hypotheses (1) that the bunches of energy which are as- 


1 Science, Vol. XXXVII., p. 130, 1913. 
2 Electricity and Matter, pp. 62-70. 
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sumed to travel along the ether strings are proportional to the impressed 
frequency and (2) that they are transferred upon absorption as wholes 
to an electron. This being the case, the objections to an ether-string 
theory, that is, to any theory in which the energy remains localized in 
space instead of spreading over the entire wave-front, must hold for the 
Einstein theory. Lorenz! and Planck? have pointed out some of these. 
Despite these objections, however, Sir J. J. Thomson* and Norman 
Campbell! still adhere toit. I wish to call attention to one more difficulty 
which in itself seems to me to be very serious. 

If a static electrical field has a fibrous structure, as postulated by any 
form of ether-string theory ‘‘ each unit of positive electricity being the 
origin and each unit of negative electricity the termination of a Faraday 
tube,’® then the force acting on one single electron between the plates 
of an air condenser cannot possibly vary continuously with the potential 
difference between the plates. Now in the oil-drop experiments® we 
actually study the behavior in such an electric field of one single, isolated 
electron and we find, over the widest limits, exact proportionality between 
the field strength and the force acting on the electron as measured by the 
velocity with which the oil drop to which it is attached is dragged through 
the air. 

When we maintain the field constant and vary the charge on the drop, 
the granular structure of electricity is proved by the discontinuous 
changes in the velocity, but when we maintain the charge constant and 
vary the field the lack of discontinuous change in the velocity disproves 
the contention of a fibrous structure in the field unless the assumption 
be made that there are an enormous number of ether strings ending in 
one electron. Such an assumption takes all the virtue out of an ether 
string theory. 

Despite then the apparently complete success of the Einstein equation, 
the physical theory of which it was designed to be the symbolic expression 
is found so untenable that Einstein himself, I believe, no longer holds to it. 
But how else can the equation be obtained? 

Before attempting to answer this question, let us consider the energy 
relations which it imposes. It requires the absorption at some time or 
other by the escaping electron of at least the energy hy from incident 
waves of frequency v. The total luminous energy falling per second from 

1 Phys. Zeit., 11349, I9I0. 

2 Ann. der. Phys., 39, 1912. Berliner Ber., 723, 1911. 

3 Proc. Phys. Soc. London, XXVII., 105, December 15, 1914. 

4 Modern Electrical Theory, Cambridge Press, 1913, p. 248. 


5 J. J. Thomson’s Electricity and Matter, p. 9. 
6 Poys. REV., 2, 109, I913. 
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a standard candle on a square centimeter at a distance of three meters 
is one erg.!. Hence the amount falling per second on a body of the size 
of an atom, 7. e., of cross section 10-" cm. is 10- ergs. But the energy 
hv for light of wave-length equal to 5,000 A is 4 X 10-” ergs or 4,000 
times as much. Since not a third of this energy is in wave-lengths shorter 
than 5,000 A, a photoelectric cell which is sensitive up to 5,000 A. should 
require at least 12,000 seconds or 4 hours of illumination by a standard 
candle 3 meters away before any of its atoms could absorb enough energy 
to discharge a corpuscle, yet the corpuscle is observed to shoot out the 
instant the light is turned on. If then we must abandon the Thomson- 
Einstein hypothesis of localized energy, which is, of course, competent 
to satisfy these energy relations, there is no alternative but to assume that 
the corpuscles which are ejected are already possessed of an energy almost 
equal to hv. Since this energy must have come from the incident fre- 
quency, for otherwise it could not be proportional to this frequency, it is 
necessary to assume, if the absorption is due to resonance (and we know 
of no other way in which to conceive it after eliminating as above the 
possibility that a single ether pulse drives out a free electron) that there 
are oscillators of all frequencies within the absorbing body and that these 
oscillators are at all times in all stages of energy loading up to the value 
hv. But this is impossible if the oscillators, when not exposed to radi- 
ation, emit any energy at all; for if they did so, they would in time lose 
all their store and we should be able, by keeping bodies in the dark, to 
put them into a condition in which they should show no photoelectric 
effect until after at least 4 hours of illumination with a standard candle. 
Since this is contrary to experiment, we are forced, even when we discard 
Einstein’s theory of localized energy and discontinuous absorption, to 
postulate electronic absorbers which do not radiate at all while they are 
absorbing until the absorbed energy has reached a certain critical value 
when explosive emission occurs. The photoelectric effect then, however 
it is interpreted, if only it is correctly described by Einstein’s equation, 
furnishes a proof which is quite independent of the facts of black-body 
radiation of the correctness of the fundamental assumption of the quantum 
theory, namely, the assumption of a discontinuous or explosive emission 
of the energy absorbed by the electronic constituents of atoms from ether 
waves. It materializes, so to speak, the quantity ‘“h”’ discovered by 
Planck through the study of black body radiation and gives us a con- 
fidence inspired by no other type of phenomenon that the primary phys- 
ical conception underlying Planck’s work corresponds to reality. 

But to return to a substitute for Einstein’s theory. Planck? and Som- 


1 Drude, Lehrbuch der Optik, 1906, p. 472. 
2 Ann. d. Phys., 37, 644, 1912. 
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merfeld! have both made alternative suggestions, neither of which, 
however, seems competent, in general, to furnish a physical basis for the 
Einstein equation. Indeed Sommerfeld and Debye? definitely admit 
the inadequacy of their theory to account for the normal photoelectric 
effect, which is precisely the effect herewith investigated, while Planck’s 
theory as thus far formulated does not yield the Einstein equation at all. 
Originally it had nothing whatever to say about the escape of corpuscles 
from atoms under the influence of ether waves, and even in the 1912 for- 
mulation’ the energy of an oscillator was assumed to be given up only in the 
form of electromagnetic waves, but in 19134 the theory was extended so 
as to permit part of the energy to be emitted in the form of an ejected 
corpuscle. The oscillator of frequency v was assumed to absorb energy 
continuously without radiating any of it until its energy content became 
nhv, in which n, is an integer, the value of which on the average depends 
on the intensity of the incident waves. This energy was then assumed 
to shoot out explosively, the amount chy, o being a fraction less than one, 
going off in the form of an ether wave, and the amount (m — a)hy ap- 
pearing in the form of the kinetic energy of the escaping corpuscle. This 
energy (” — a)hv was then assumed to be transformed entirely into 
electromagnetic waves of frequency v2, when the corpuscle fell into a new 
oscillator of natural frequency re. 

Now when we compare this theory with the above experimental results 
we observe that there is not the slightest indication in the latter that the 
energy absorbed by an escaping corpuscle from an incident light wave of 
frequency v is ever more than hy, or that o has any value at all and yet 
the setting of m; = 1 and o = 0o in the above expression of Planck is not 
consistent with his way of deducing his black body radiation law.°® 

Further the assumption that all bodies which show the normal photo- 
electric effect, and there is some evidence that even gases when stimulated 
by waves of frequency v shoot off corpuscles with energy hv, contain 


1 Phys. Zeit., 12, 1057, 1911, Solvey Congress, I9QII. 

2 Ann. d. Phys., 41, 873, 1913. 

3 Sitz. Ber. d. k. Preuss. Akad., 18, 350, 1913. 

4 Ann. d. Phys., 37, 644, 1912. 

5 My experimental results might perhaps be reconciled with Planck’s theory if, under the 
aed. 





I 
conditions under which I work, his expression = pI (Warmestrahlung, p. 159) were a 


quantity very much smaller than unity. As a matter of fact, however, the intensity of 
illumination K which I used in these experiments was measured and found, with line 5461, 
rg 33 


2 Zz 
to be about 10 —e —,, Since K = 13 =. (see ‘‘Warmstrahlung,” p. 162) and » = 
cm? sec 3¢ 327°*hv 


2K 
we see that pl = coe Inserting ¢c=3 X10", h=6 X 10-7, v=6 X10" we find 


hy" 
pI = 7000—a very large quantity instead of a very small one. This seems to make my 
results irreconcilable with Planck’s theory. 
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sharply tuned oscillators possessing every conceivable natural frequency 
is a somewhat troublesome one. Certainly both the phenomena of ab- 
sorption and of emission show that in most substances the great bulk of the 
oscillators possess natural frequencies of one or two particular values and 
the characteristic waves which they emit are of these frequencies, the 
condition for such emission being in general merely that the stimulating 
frequency be greater than the characteristic frequency. 

In spite of these difficulties, however, a modification of Planck’s for- 
mulation seems to me able to account for all the relations thus far known 
between corpuscular and ethereal radiations. Most of the oscillators 
of a given substance may be assumed to have a particular frequency or 
frequencies characteristic of the substance, but, just as the line spectrum 
of a gas is always superposed upon a faint continuous spectrum, so a few 
oscillators of every conceivable frequency may with no little plausibility 
be assumed to be mixed with the enormously larger number of oscillators 
which have a frequency or frequencies characteristic of the given sub- 
stance. This is only making for all substances precisely the assumption 
which Planck makes with such conspicuous success for black substances. 
In other words it is assuming that all substances are to a certain degree 
black. If any particular frequency is incident upon such a substance 
the oscillators in it which are in tune with the impressed waves may be 
assumed to absorb the incident waves until the energy content has 
reached a critical value when an explosion occurs and a corpuscle is shot 
out with an energy hv. This free corpuscle may then be assumed to 
fritter away some, and in many cases all, of its energy by impacts with 
atoms, but if it strikes an oscillator of any frequency v2 while its energy 
exceeds /iy2, it either stimulates directly new ether waves of frequency 
ve, or else it modifies the condition of the atom in such a way that in a 
subsequent readjustment it emits waves of this frequency. If the sub- 
stance possesses these particular oscillators v2 in great abundance then 
these emitted waves are its characteristic X-rays. Whether they are 
stimulated by the return of a displaced corpuscle or by the act of dis- 
placement by a corpuscle of energy greater than hv, may be left unsettled, 
though the former view is at present the more attractive. 

In the photoelectric effect we study not the stimulation of these char- 
acteristic ether waves but the antecedent emission of corpuscles from the 
atom, this emission appears to take place to some extent at all frequencies 
of the incident light, though the emitted corpuscle never leaves the metal 
unless its energy of emission from the atom is greater than hyo, but it 
takes place especially copiously when the impressed frequency coincides 
with a“ natural frequency.”” According to this point of view theselective 
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photoelectric is simply the normal effect taking place in the neighborhood 
of an absorption band where oscillators of one particular frequency pre- 
dominate. This is little more than Planck’s theory with the possibility 
of a corpuscle being emitted from an atom with an energy greater than 
hv eliminated for the sake of reconciling it with the experimental facts 
above presented. It is to be hoped that such a theory will soon be 
shown to be also reconcilable with the facts of black body radiation. 

I have to thank Mr. Wilmer H. Souder for able assistance during the 
latter portion of this investigation. 


10. SUMMARY. 


1. Einstein’s photoelectric equation has been subjected to very search- 
ing tests and it appears in every case to predict exactly the observed 
results. 

2. Planck’s h has been photoelectrically determined with a precision 
of about .5 per cent. and is found to have the value 


h = 6.57 X 107”. 


RYERSON PHYSICAL LABORATORY, 
UNIVERSITY OF CHICAGO. 
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THE CONSTANTS OF RADIOACTIVITY. 


By GERALD L. WENDT. 


T is now two years since the publication of Kolowrat’s table of radio- 
active constants.' The numerous determinations since published 
require a retabulation of the fundamental values, which is presented 
herewith, the publication of Le Radium having been suspended because 
of the war. 

In the subjoined table the present system of nomenclature is retained; 
it is probably still too early to devise a wholly satisfactory one. Since 
the simplification introduced by Rutherford and Geiger? the discovery of 
branching at the three C members of the disintegration series has again 
led to confusion. It seems that the term thorium C, should be replaced 
by thorium C’, as was done by Soddy,’ to correspond with radium C’ 
and actinium C’, and to indicate the striking analogy between these 
short-lived beta ray products of the Cmembers. Radium C; then remains 
for the present as the analogue of thorium D and actinium D. 

The known radioelements are now thirty-six in number. Varder 
and Marsden‘ have confirmed the existence of actinium C’, previously 
observed by Marsden and Wilson,’ and Marsden and Perkins,*® and in- 
dicated by the work of Miss Blanquies.’? The disintegration series of 
the three emanations are therefore precisely similar until the D members 
are reached. Antonoff’s discovery® of uranium Y has been repeatedly 
confirmed.’ It is, however, difficult to assign it to a position in the disin- 

1Le Radium, 11, 1 (1914). 

2 Phil. Mag., 22, 621 (1911). 

3 Chemistry of the Radioelements, Pt. I1. Longmans, 1914. 

4 Phil. Mag., 28, 818 (1914). 

5 Nature, 92, 29 (1913). 

6 Phil. Mag., 27, 690 (1914). 

7 Le Radium, 7, 159 (1910); Comptes Rendus, 151, 57 (1910). 


8 Phil. Mag., 22, 419 (1911); 26, 332, 1058 (1913). 
®Soddy, Phil. Mag., 27, 215 (1914). Hahn and Miss Meitner, Physik. Zeitschr., 15 


236 (1914). 
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tegration series. It is isotopic! with uranium X, and ionium, and is 
derived either from uranium I or uranium 2 by a subordinate alpha ray 
change. Both of these origins are anomalous since they demand that 
one element undergo two different alpha ray disintegrations. Still 
more a puzzle is the origin of actinium; its solution has not resulted even 
from the generalization of Fajans,'! Soddy,” and Russell.” 

The latter is now well established. No exception to it is known. It is 
used in the chemical classification of the short-lived elements: U X», 
Ra C2, Act D, Th D, and the three C’ members. The chemical proper- 
ties of the others are taken from the researches of v. Hevesy,' v. Hevesy 
and Paneth," Fleck,!* McCoy and Viol,!7 Metzener,' and Klemensiewicz.!® 
The elements of all the three series which are in the same chemical group 
and on the same side of the emanations in the series are isotopic. That 
in spite of real differences in atomic weight isotopes are both chemically 
and spectroscopically indistinguishable is further proved by numerous 
determinations of the atomic weight of lead of radioactive origin.” 
HG6nigschmid and Horowitz?! have prepared what is probably pure ra- 
dium G, with an atomic weight of 206.04, as compared with 207.18 for 
ordinary lead.” ‘This points to radium G as the end product of the ura- 
nium series and justifies the assumption that the emission of an alpha ray 
results in the loss of four units in atomic weight. The difference between 
Honigschmid’s values for radium (225.97) and for radium G is just five 
times the weight of an atom of helium. Yet the genetic relation between 
the radioelements and ordinary lead is obscure. Rutherford and 

10 From wos, equal, and rézos, place, as suggested by Soddy, in reference to their identical 
position in the periodic table of the elements. The growing use of the term isotropic in this 
sense is quite indefensible. 

11 Physik. Zeitschr., 14, 136 (1913); Le Radium, 10, 61 (1913). 

12 Chem. News, 107, 97 (1913). Nature, 97, 571 (1913). 

13 Chem. News, 107, 49 (1913).. 

14 Physik. Zeitschr., 13, 672 (1912). Phil. Mag., 25, 390 (1913), 27, 586 (1914). 

15 Le Radium, 10, 65 (1913); Monatshefte d. Chemie, 34, 1393, 1593 (1913), 36, 795 (1915), 
Physik. Zeitschr., 15, 797 (1914), 16, 45 (1915). 

16 Jour. Chem. Soc., 103, 381, 1052 (1913). 

17 Phil. Mag., 25, 333 (1913). 

18 Berichte Chem. Ges., 46, 979 (1913). 

19 Comptes Rendus, 158, 1889 (1914). 

20 Richards and Lembert, Jour. Amer. Chem. Soc., 36, 1329 (1914); Comptes Rendus, 1509, 
248 (1914). Maurice Curie, Comptes Rendus, 158, 1676 (1914). H6énigschmid and Horo- 
witz, ibid., 1796. 


21 Monatshefte d. Chemie, 36, 355 (1915). 
22 Baxter and Grover, Jour. Amer. Chem. Soc., 37, 1027 (1915). 
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Andrade” found that the atomic numbers of radium B and lead are the 
same, while recent work by Richards and Wadsworth™ shows that the 
atomic volumes of radium G and lead are the same. Searching for the 
end product of thorium, Soddy and Hyman” found that lead from thorium 
minerals showed an abnormally high atomic weight, as if thorium E 
were stable and an isotope of lead. Hénigschmid and Horowitz*! 
found no such effect, and Holmes and Lawson” could determine no 
relation between the lead and thorium contents of ancient minerals. 
Miss Meitner?? has shown that pure bismuth is not radioactive and is 
therefore not a beta ray product of lead, as suggested by Fajans and 
Towara.”® 

New determinations of the ranges of the actinium elements by Meyer, 
Hess, and Paneth®® have effected an excellent alignment with Geiger 
and Nuttall’s rule.*° The graph for the actinium series cuts that for 
uranium at uranium 2. Radioactinium was found to give two sets of 
alpha rays, of which the shorter gives exact correspondence with the 
above rule. McCoy and Leman,*! however, found a single range of 4.4 
cm. The former investigators confirm Hahn and Rothenbach’s discovery” 
of alpha rays emitted by actinium itself. The elements which on the 
present data do not conform with the Geiger-Nuttall rule are actinium 
A, thorium, and ionium. The rule is used for the estimation of the 
periods of uranium 2, actinium, and the C’ members. 

The values of the transformation constant, \, the half-life period, P, 
and the range, R, which have been changed from Kolowrat’s table are 
based on the work of Soddy and Miss Hitchins* for ionium; Meyer, Hess, 
and Paneth?* for ionium, polonium and the actinium series; Hahn and 
Miss Meitner® for uranium Y; Thaller* for radium D and E; Miss 
Heimann® for thorium; and McCoy and Leman* for radioactinium. 


23 Phil. Mag., 27, 854 (1914). 

24 Jour. Amer. Chem. Soc., 38, 221 (1916). 

2 Transact. Chem. Soc., 105, 1402 (1914). 

26 Phil. Mag., 28, 823 (1914), 29, 673 (1915). 

27 Physik. Zeitschr., 16, 4 (1915). 

28 Naturwissenschaften, 2, 685 (1914). 

29 Sitzber. kais. Akad. Wiss., Wien, Abt. IIa, 123, 1459 (1914). 

30 Phil. Mag., 22, 613 (1911). 

31 Puys. REV., 4, 409 (1914). 

82 Physik. Zeitschr. 14, 409 (1913). 

33 Phil. Mag., 30, 209 (1915). 

34 Sitzber. kais. Akad. Wiss., Wien, Abt. Ila, 121, 1611 (1912); 123, 157 (1914). 
3 Ibid., 1369. 
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SECOND 
SERIES, 


The absorption coefficients of the gamma rays in aluminium, y»,, have 
required amendment only in the case of radioactinium*; those for the 
beta rays, ug, are unchanged. 





Substances. a 





(Sec.-!) 
Uranium 1........ '4.3-10718 
Uranium X;....... 3.3-1077 
Uranium X2....... ee 
Uranium 2........ 1.4 -10-4 
Uranium Y......|7.5-10-¢ 
re \2.2-10718 
Oe eee '1.26-107- 
Ra Emanation..... |2.085-10-6 
Radium A........ 13.85-10-3 
Radium B........ \4.33- 10-4 
Radium C;........ '5.93- 10-4 
Radium C2...... 8.3: 10-3 
PetemC’........ 7 -10*5 
Reawm D........ /1.39-10-9 
Radium E........ 1.66-10-6 
Polonium (RaF).. .|5.90-1078 
yc 1.2-10718 
Mesothorium 1... .|4.0-107° 
Mesothorium 2... . 3.1-1075 
Radiothorium..... 1.09-10-8 
Thorium X........|2.20-10-6 
Th Emanation.... .|0.0128 
Tnomum A........ \5.0 
Thorium B........ 1.8- 10-5 
Thormum C,....... 1.9-10-4 
Thorium D...... '3.7-10-3 
Thorium C’....... '7-10*10 
Actinium........../1-1079 
Radioactinium..... 4.25-1077 
[Radioactinium’]? 3.2- 10-6? 
Actinium X....... (7.6: 4077 
Act. Emanation.... 0.18 
Actinium A....... 350 
Actinium B....... 3.2-10-4 
Actinium C;....... '5.37-10-3 
Actinium D..... 2.26-10-3 


Actinium C’....... |700 





5-109 yr. 
24.6 d. 
1.15 min. 
2-108 yr.? 
25.5 hrs. 
10° yr. 
1730 yr. 
3.85 d. 
3.0 min. 
26.7 min. 
19.5 min. 
1.4 min. 
10-6 sec.? 
15.83 yr. 
4.85 d. 
136 d. 


1.5-10" yr. 


oo yr. 
6.2 hr. 
2.02 yr. 
3.64 d. 
54 sec. 
0.14 sec. 
10.6 hr. 
60 min. 
3.1 min. 
10-"! sec.? 
200 yrs.? 
18.88 d. 
60 hr.? 
11.4 d. 
3.9 sec. 
0.002 sec. 
36.1 min. 
2.15 min. 
4.71 min. 
0.001 sec. 


~| Chem. 
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Group. 


Rays. 





R WR BWBWR 


aB 
Qa 
Qa 
B 
aB 
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WDWR 


aB? 


a 
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aB 
B 
a 
a? 
aB 


a? 





o¢| 27 ny (Al) 
88 35 | (Cm.-1) 
2.50 
510 
we hoa: 0.70; 0.140 
2.90 | 
/300 | 
3.11 | 
3.30 200 (354; 16; 0.27 
4.16 | 
4.75 
75 (230; 40; 0.51 
| | 13.5 0.115 
6.94 | 
| | 130 45; 0.99 
| 43.3 like Ra D 
3.84 585 
2.72 
30 26; 0.116 
3.87 
4.30 
| 5.00 
5.70 
| 110 160; 32; 0.36 
48 }16.3 0.096 
| 8.60) 
| 3.56 
4.2 170 25; 0.190 
| 4.61 
4.26 
5.57 
| 6.27 
_ | soft (120; 31; 0.45 
5.15 
| 28.5 0.198 
6.45 





The following are general relations involving these constants: 


AP = In2 = 0.69315. 


log? = A + B log R, where A and B are constants for each series. 
Ryp, = Rmp,((T1P2)/(T2P1)), where T is the absolute temperature 


and P is the pressure. 


%* Phil. Mag., 26, 937 (1913), 27, 112 (1914). 
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V3? = aR, where V is the velocity of the alpha ray and a is a constant. 
For Ra C’, V = 1.922 X 10° cm. per sec.*” 

Q = kR®®, where Q is the total ionization due to an alpha ray,*! and 
k is a constant. 


yp 5 


/ 
= Cy? 


‘ , where vy, is the frequency of a gamma ray, and ¢ is a 
constant. For the penetrating gamma rays from Ra B the wave-length 
is 1.64 X 107° cm.*8 


THE WoLcoTT GIBBS MEMORIAL LABORATORY, 
HARVARD UNIVERSITY, 
CAMBRIDGE, MASSACHUSETTS. 


37 Phil. Mag., 28, 552 (1914). 
88 Phil. Mag., 28, 263 (1914). 
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THE FLUORESCING SODIUM URANYL PHOSPHATE. 


By H. L. HOwEs anp D. T. WILBER. 


N an early article! by G. G. Stokes on the ultra-violet spark spectra of 
the metals mention is made of a powerfully fluorescent screen made 
from the phosphate of uranium. Since the ordinary phosphate is only 
slightly fluorescent it seemed of interest to prepare the phosphate em- 
ployed by Stokes and to determine the nature of its fluorescence. The 
Stokes method of preparation is to treat the ordinary phosphate with a 
solution of phosphoric acid and sodium or ammonium phosphate. The 
non-fluorescent salt, which is a yellow amorphous insoluble powder, is 
changed into the fluorescent double salt as the mass dries out. The 
addition of sufficient of the reagents to produce strong fluorescence does 
not produce any visible change in the uranyl phosphate except to make 
the color lighter and more greenish due to the fluorescence. 

The chemical problem is to find the composition of the fluorescent 
double salt. Although Stokes used the acid double phosphate as indi- 
cated above, the following specimens were prepared to determine whether 
the ‘‘neutral’’ sodium uranyl double salt was fluorescent. For specimen 
No. I a mixture was made consisting of uranyl phosphate and sodium 
phosphate in the ratio of four molecular weights of HUOQ,PO,-314H2O 
to one molecular weight of HNa,PO,. The proportions for specimen 
No. 2 were two to one and for No. 3 were one to one. It will be seen by 
referring to Fig. 1 that these three specimens, when cooled to — 180° C., 
yielded precisely similar spectra on excitation with the carbon arc. 

To ascertain the réle played by phosphoric acid, several specimens were 
prepared by mixing increasing amounts of phosphoric acid with sodium 
uranyl phosphate. Specimen No. 4 was made by adding one molecule 
of phosphoric acid to two molecules of uranyl phosphate and one molecule 
of sodium phosphate, giving the composition H;NaUO,(PO,)e. This 
was a powder resembling specimen No. 2. The spectrum of this speci- 
men consists partly of lines occupying approximately the same positions 
as in the spectrum of specimen No. 1, 2 and 3; and partly of a broad 
band series. Specimen No. 5 was made by adding one molecule of 


1 Phil. Trans. Roy. Soc. Lond., 152, 599-617 (1862); Chem. News, 7, 147-149, (1863); 
Abstract Proc. Roy. Soc., 12, 166 (1862); Jahrsbericht Fortsch. Chem., 106 (1863). 
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phosphoric acid to one molecule of uranyl phosphate and two molecules 
of sodium phosphate. When dried this contained much free sodium 
phosphate. Specimen No. 6 was made by adding two molecules of 
phosphoric acid to one molecule of uranyl phosphate and one molecule 
of sodium phosphate. This specimen did not dry but remained syrupy 
at room temperature and appeared to be vitreous at— 180° C. The 
spectrum consisted entirely of broad bands. Specimen No. 7 was made 
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by dissolving some uranyl phosphate in syrupy phosphoric acid. This 
gave a great excess of acid and no sodium. The specimen presented a 
clear glassy appearance even at 20°C. The spectrum, like that of No. 6, 
consisted of one series of broad bands. 

In examining the spectra the specimens were mounted in glass, im- 
mersed in liquid air, and excited by the carbon arc. A wave-length 
spectrometer was used in locating the bands. In Fig. 1 the bands are 
plotted to a frequency scale, i. e., (1/A) X 10° is one frequency unit when 
uw is the unit of wave-length. Thus the abscissa 1,800 corresponds to 
A = 5,555 A. U. 
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It will be seen that the spectra of specimens I, 2 and 3 consist of recur- 
ring groups of bands. Careful measurements show that the homologous 
members of these groups form constant interval series. The interval of 
any one of the line series has a value lying between 80 and 81 units, which 
is the shortest interval yet observed in the study of the fluorescence 
spectra of the uranyl salts. The broad bands of Specimens 4 and 5 form 
series with a constant interval of 82.5 units. Evidently the increase in 
the proportion of phosphoric acid tends to suppress the strongest line 
series and merge the dimmer series into broad bands. With the increasing 
predominance of the broad bands,—caused by the increasingly larger 
proportion of acid present,—there is a simultaneous increase in interval 
from 82.5 units to 85.1 units for Specimen No. 6, and 87.0 units for 
specimen No. 7. 

A comparison of the spectra of uranyl nitrate in nitric acid solutions! 
with the spectra of sodium uranyl phosphate in phosphoric acid solutions 
shows a striking resemblance in the matter of resolution when the 
proportion of acid is increased. In each of these solutions the acid acts 
as the solvent even at low temperatures, and this fact may well be the 
cause of the vitreous appearance. If the acid were crystalline at low 
temperatures presumably the broad bands would not appear. Evidence 
gained from the study of several other uranyl salts, having different 
crystalline forms or no crystalline form, leads us to believe that a crystal- 
line form is a necessity where a resolved spectrum is to be obtained. 

Since Stokes used an acid powder to make his screen, he could not 
have used specimens Nos. I, 2 or 3, since they are neutral. Again, since 
he used a powder he could not have used specimens No. 6 or No. 7 
because they are semi-solid solutions; hence he must have employed 
No. 4 or No. 5. Either of these specimens is extremely brilliant; the 
fluorescence being more intense in fact than that of the average uranyl 
salt; it appears therefore that Stokes employed, for the purpose of 
making his fluorescence screen, one of the best substances he could have 
obtained. 


PHYSICAL LABORATORY, 
CORNELL UNIVERSITY, 
December 2, 1915. 


1H. L. Howes, Puys. REv., Vol. VI., No. 3, pp. 202-203, Sept., 1915. 
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“An ATTEMPT TO DETECT A CHANGE IN THE SPECIFIC HEAT OF SELENIUM 
WITH A CHANGE IN THE ILLUMINATION, AND ALSO WITH THE 
APPLICATION OF AN ELECTRIC FIELpD.’”! 


By L. P. SIEc. 


HE ordinary theory of free electrons is unsatisfactory in dealing with 
specific heat. While solid conductors should have, in accordance with 
this theory, higher atomic heats than do dielectrics, experiment fails to sub- 
sfantiate this. It would be interesting to be able to measure the specific heat 
of a single substance that can be thrown at will from one of the above classes 
to the other. Selenium, while not serving this purpose fully, still can be made 
to increase its conductance many times by light action, or by the application 
of a strong electric field, or by both. 

Experiments were performed on a thin plate of crystalline selenium to deter- 
mine the specific heat, first in the light and in the dark. A Jolly steam calori- 
meter was employed. This apparatus seemed to offer the most sensitive ar- 
rangement for the purpose, considering the kind of substance that was employed. 
In spite of the fact that the illumination on the plate was changed from zero 
to that from the light of an arc at a distance of 50 cm., no change in the specific 
heat was detected, although a change of one fifth of one per cent. could have 
been detected. 

Separate experiments were then made in which the apparatus was so arranged 
that a potential difference of 220 volts could be applied to the plate of selenium. 
This gave a drop of about 50 volts per cm. This potential could be applied 
both in the light and in the dark. It was thought that perhaps the light alone 
might not actually free the electrons, but that the establishment of the electric 
field was the thing necessary for their liberation. Negative results, however, 
were still obtained. 

As a result of these experiments the difficulties connected with the ordinary 
theory of free electrons become even more formidable. The experiments, 
however, are not entirely conclusive, for there is no way of making certain 


1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 
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just how many electrons are liberated by the light. The change in conductance 
seems no sure measure, for changes in the mean free paths of the electrons could 
well account for the changes in conductance observed, without assuming any 
change in their number at all. The experiments do specifically indicate that, 
if one accepts the theory of free electrons, then under the conditions of light 
and field intensity that prevailed, the number of electrons freed must have 
been less than one fifth of one per cent. of the number of atoms. 

If one accepts either Einstein’s,! or Thompson’s? theory of specific heat one 
would not be led to expect a change in the specific heat of selenium under the 
action of light, of an electric field, or of both acting together. 


Puysics LABORATORY, 
STATE UNIVERSITY OF IOWA. 


MEASUREMENTS OF ELECTRIC CURRENTS BY THEIR HEATING EFFECT.® 
By S. LEROY BROWN. 


HE object of this paper is to give a description of a substitute for the 
hot-wire ammeter and describe its use. The essential feature of this 
instrument is a small coil of fine wire which surrounds the element of a sen- 
sitive resistance thermometer. This element may be a thin layer of lead oxide 
between two wires. These two wires are joined together in a molten globule 
of the oxide and upon cooling the oxide forms a junction between the wires 
which has a moderately high resistance. Such a resistance element is easily 
sensitive to a change of temperature of .oo1° C. and hence is very sensitive to 
the heat produced by a current in the fine wire heating coil. Any method of 
resistance measurement may be employed to register the change in resistance 
of this element due to the heating effect of a current in the coil. 

An instrument can easily be built on this plan which is sensitive to a few 
milliamperes. For larger currents, the coil would be made of larger and lower 
resistance wire and for very small currents, a heating coil of very fine high 
resistance wire can be used. The higher range of a particular coil is about 
ten times the lowest measurable current; that is the range may be from 10 
to 100 milliamperes or from 100 to 1,000 milliamperes, etc. 

The above described method of measuring electric currents has been used 
for the following purposes: 

1. As a comparator for the calibration of alternating current instruments 
by comparison with direct current standards. 

2. For measuring high frequency currents. 

3. Experimental determination of the effect of coupling, tuning, etc., in the 
generation of electric waves. 

UNIVERSITY OF TEXAS. 

1A. Einstein, Ann. der Phys., 22, p. 180, 1907. 

2 Sir J. J. Thompson, Phil. Mag., 30, p. 192, 1915. 

’ Abstract of paper read before the Columbus Meeting of the American Physical Society, 
December 28-30, I915. 
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ON THE PROPERTIES OF MATTER AT LOW TEMPERATURES.! 
By JAKosB Kunz. 


N a recent article on the present theory of magnetism I have shown that the 
magnetic susceptibility follows the law k(7 +0) = const. on the as- 
sumption of progressive conglomeration of the molecules of a substance with 
decreasing temperature. A. H. Compton has shown meanwhile that, as I 
had suggested, the specific heat curve can be accounted for in the same way. 
This hypothesis is now applied to electric, thermal, mechanical and optical 
phenomena, and the connection with Nernst heat theorem is demonstrated. 


URBANA, ILLINOIS, 
December 8, 1915. 


A NEw LAw RELATING IONIZATION PRESSURE AND CURRENT IN THE CORONA 
OF CONSTANT POTENTIALS.! 


By EARLE H. WARNER. 


HE “ corona ”’ is the glow which surrounds conductors when there exists 
high potential differences between them and neighboring conductors. 

Mr. Farwell has shown that at the instant the corona appears the pressure 
in the corona apparatus increases. It was the object of the experiments which 
have been performed to test the relationship between the ionization pressure 
and corona current. 

The corona apparatus was of the wire and co-axial cylinder type. The 
continuous potential was obtained from a battery of forty continuous current, 
shunt wound, 500-volt generators connected in series. The corona current 
was measured with a D’Arsonval galvanometer. The increase in pressure 
was measured by a Bristol aneroid pressure meter. Experiments have been 
performed with dry air, hydrogen and nitrogen in the corona tube. In every 
case, with the wire positive, the ionization pressure is exactly proportional 
to the corona current. With the beads, which accompany the wire negative, 
the pressure varies with the arrangement of the beads and since these are 
not stable it is impossible to accurately determine the desired relationship. 


UNIVERSITY OF ILLINOIS, 
URBANA, ILL. 


UNIPOLAR INDUCTION AND ABSOLUTE ROTATION.! 
By E. H. KENNARD. 


N order to fill out some gaps in the experimental evidence bearing on the 
problem of unipolar induction, an apparatus has been constructed con- 
sisting of a cylindrical condenser inside a solenoid, both condenser and solenoid 
1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 
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being capable of independent rotation about their common longitudinal 
axis. The inner coating of the condenser is connected, by means of a needle 
dipping into mercury heid in an insulated cup, to one pair of quadrants of an 
electrometer, the other pair being earthed; the outer coating of the condenser 
connects through the bearings to the frame of the apparatus and so to earth. 

Let the condenser be set in rotation and let the solenoid be magnetized. 
Then according to the theory of Lorentz an electromotive force will be devel- 
oped in all rotating radial parts of the apparatus; thus a difference of potential 
should be set up between the coatings of the condenser and the electrometer 
should show a deflection. Furthermore, the effect should be quite independent 
of the rotation of the solenoid. 

Preliminary observations already obtained show the existence of an effect 
of the right order of magnitude and in the right direction. Simultaneous 
rotation of the solenoid has no effect. The exact quantitative comparison 
with theory will require considerable laborious observation and calculation, 
but it can hardly be doubted that the theory of Lorentz will be completely 
verified. 

In experiments by Professor Barnett with a similar apparatus, only the 
solenoid could be set in rotation; he found that the condenser did not become 
charged, which agrees with present results. 

Undoubtedly the most interesting case is when the condenser and solenoid 
are locked together and set in rotation: change of the magnetic field results in 
about the same deflection as if only the condenser were rotating. If we admit 
that the simultaneous rotation of the axial connecting wires, the electrometer, 
the room and the fixed stars would not alter the effect, as seems most likely 
to be true, then we may say that with the present apparatus a purely electro- 
magnetic effect due to absolute rotation has actually been observed. 


PHYSICAL LABORATORY, 
UNIVERSITY OF MINNESOTA. 


AN INVESTIGATION OF THE ACOUSTICAL PROPERTIES OF THE ARMORY AT THE 
UNIVERSITY OF ILLINoIs.! 


By F. R. WATSON. 


HE armory at the University of Illinois presents an unusual case of de- 
fective acoustics because of its very large volume and comparatively 
small absorbing power. It was built to fulfil the usual requirements of an 
armory in regard to military drills; but, in addition, it has been used on several 
occasions for convocations and assemblies where the audiences have been 
very large. The acoustics proved to be impossible for speaking and music. 
In view of the proposed continued use of the building for such assemblies, an 
investigation was carried on to determine the possibilities of making it satis- 
factory in its acoustical properties. 


1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, I9I5S. 
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The armory is 400 feet long, 212 feet wide and 93 feet to the highest point of 
the roof. Acoustically, it is defective because of echoes and reverberation. 
Echoes are set up by the distant walls, while the reverberation is caused by 
the undue prolongation of sound. 

Several experiments were tried to determine the value of special devices 
for reinforcing and directing the sound. In one case, a huge parabolic reflector 
of special construction was used. This was based upon the known action of 
parabolic reflectors in directing sound along the axis of the parabola.! 

A modified paraboloid was constructed, the parabolic ribs of which were 
arranged so as to spread the reflected sound over the entire area occupied by 
the audience. The framework was covered with oilcloth and mounted over 
the head of the speaker so that his mouth was at the common focus of all the 
parabolic ribs. Preliminary tests with the reflector showed that it admirably 
fulfilled its purpose in directing sound; but when used at an assembly with an 
audience, its action was practically drowned out by the excessive reverberation 
which prohibited any possibility of satisfactory acoustics. Another experi- 
ment of like nature involved the use of a special megaphone to distribute the 
sound of the speaker’s voice. This megaphone was more efficient than the 
reflector, since it utilized all the sound sent out by the speaker instead of only 
the portion intercepted by the reflector. This device was also of little benefit 
because of the excessive reverberation. A third trial was made by using a 
number of loud-speaking telephones at different positions in the Armory. 
This attempt was also unsuccessful, although the telephones when used out 
in the open air were very effective in reinforcing and directing the sound. 

These experiments showed the impossibility of using the entire armory for 
speaking purposes unless the reverberation could be materially reduced. Cal- 
culations made to ascertain the effect of introducing sound-absorbing material 
showed that the installation of 50,000 square feet of hair-felt would reduce 
the reverberation to 4.66 seconds, a value which would still be too large for 
satisfactory speaking. The only alternative was to reduce the volume. Cal- 
culations were then made for the acoustical properties of a room partitioned 
off by canvas curtains at one end of the armory so as to enclose a space 212 
feet by 134 feet and 35 feet high. To do this it was first necessary to determine 
experimentally the action of the canvas in transmitting and absorbing sound. 
The time of reverberation for the room with an audience of 4,500 people present 
was then estimated to be 1.1 seconds, a value which has been found by repeated 
experience to be satisfactory. 

On the basis of this calculation a room of the specified dimensions was en- 
closed at one end of the armory and used for the university commencement 
exercises. Auditors in all parts of this canvas-enclosed room could hear and 
understand the various speakers, so that the room was considered a success 
from the standpoint of acoustics. 

UNIVERSITY OF ILLINOIS, URBANA, ILL. 


1 The Use of Sounding Boards in Auditoriums, Puys. REv., Vol. 1 (2), p. 241, 1913; and 
The Brickbuilder, June, 1915. 
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THE TRIBO-LUMINESCENCE OF MANGANESE-ZINC COMPOUNDS.! 
By C. W. WAGGONER. 


HIS paper is a preliminary report on the tribo-luminescence and X-ray 
fluorescence spectrum of some manganese-zinc sulphides. These 
compounds were loaned the writer by Mr. W. S. Andrews, Schenectady, N. Y. 
The tribo-luminescence was excited by allowing a steel brush to bear lightly 
on the surface of a rotating disc over which had been painted the sample after 
mixing it with fish glue. The spectral distribution was determined by ob- 
serving it visually with a Hilger spectrometer, the light intensity being too 
small when dispersed to be recorded photographically. The X-ray fluorescence 
was determined with the spectrometer when the sample was excited by X-rays. 
The extent of the spectrum is shown roughly in the following table: 


NS Asn tated ink Wa dibs wend me eae ae -645 .565 max. .494 Tribo- 
. = aE Eee LT OT a sm “ .523 X-Ray 
MnS-ZnS +10 per cent. Willemite.................. 634 264 “* -515 Tribo- 
ies - BY” avetpiaa apie aneheeve winters -600 a 517 X-Ray 
MnS-ZnS +20 per cent. Willemite................. .623 — |” .504 Tribo- 
ada . re ee rere sere .593 — .525 X-Ray 
MnS-ZnS +30 per cent. Willemite................. .631 560 “ .504 Tribo- 
is ee Shing iowsinhis x on, eae 585 546 ‘ 523 X-Ray 
NEN 6s Ss WSN AEROS Sedan ewan ae enew .624 a3 .514 Tribo- 
et hy Ne wa | (a 525 X-Ray 
RN MN 60s Aaa dla ehee sae ne oad mee dae ee .663 aon | 515 Tribo- 
ah Ae ee Cer CO eR ee Ge rer en eee rer .582 aoe | .528 X-Ray 
EN ME Sab cin a iv Ateeules areas eames -636 554 *“ -528 Tribo- 
Ki ee ET ee COR RT ee ene .593 in Sai X-Ray 


From the above table it will be seen that the maxintum of the spectrum seems 
to be independent of the mode of excitation. The greater width of the tribo- 
luminescent spectrum may be due to the fact that the intensity of the light 
excited by mechanical means is greater than that excited by the X-rays and 
therefore observing the extent of the spectrum by a visual method it would 
appear wider at the higher intensity. 

None of these compounds show any marked photo-phosphorescence when 
excited by the light from an iron spark. 

The addition of Willemite to the compound seems only to reduce the in- 
tensity of the tribo-luminescent light. 

It has been shown that the zinc salts are highly photo-active, and since the 
character of the light developed by mechanical means is similar to that de- 
veloped by X-rays, it seems probable that photo-electric effects may be pro- 
duced in these compounds by mechanical means. The writer hopes to test 
this last point with the compounds above, and also to develop some com- 
pounds which will show sufficient intensity to allow the spectrum to be de- 
termined photographically during the decay of the tribo-luminescent light. 

WEST VIRGINIA UNIVERSITY. 
1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
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THE EMISSION QUANTA OF CHARACTERISTIC X-Rays.! 
By Davip L. WEBSTER. 


XPERIMENTS have been tried with a rhodium target in a Coolidge tube, 
furnished by Dr. Coolidge, to determine the potential required for the 
production of each of its characteristic rays. For any wave-length, emitted 
as a part of the general radiation, the relation e V = hv gives the minimum 
potential at which the rays are produced. Using Millikan’s value e = 4.77 
xX 10~” esu., the value of 4 appears to be 6.52 X 107” erg. sec., + I per cent. 
Setting the spectrometer to receive any one of the characteristic lines, nothing 
more than general radiation is received up to a potential of 23.3 kv, I per cent. 
above the quantum potential of the y line frequency. At this potential the 
lines all begin to appear simultaneously. Their absence below this point is 
confirmed definitely, for the case of the a-lines, by photographs at different 
potentials. 

Above the critical potential, the intensities of the lines themselves, without 
general radiation, all increase in the same ratio for any given increase in 
potential up to 42kv, the limit of the present apparatus. 

The critical potential is also just the potential required to excite the softest 
rays capable of producing fluorescent characteristic rays from the rhodium. 
This points to the conclusion that all characteristic rays are produced by the 
stimulation of higher frequency oscillators, either by X-ray absorption or by 
cathode rays, and that the same drop to the characteristic frequencies for 
emission occurs in either case. 


HARVARD UNIVERSITY. 


THE REFLECTING POWER OF ALKALI METALS IN CONTACT WITH GLASS, AS 
DETERMINED BY THE PHOTO-ELECTRIC CELL.! 


By J. B. NATHANSON. 


S a photometer, one of the most sensitive cells made by Dr. J. Kunz was 

employed. The cathode consisted of rubidium deposited by distillation 

on a film of silver, the rarified gas being argon. A metallic guard ring properly 
earthed, is located between cathode and anode. 

Due to conflicting literature on the relation between the light intensity and 
the corresponding photo-electric current, it was decided to calibrate the cell 
in terms of known light intensities, as determined by the aid of crossed Nicol 
prisms. The source of light used was a Nernst glower, due precautions being 
taken to exclude extraneous light. The cell itself was in an earthed metallic 
box. A galvanometer, having a figure of merit of 2 X 10-” amp. per mm., 
at a scale distance of 2} meters was employed to measure the current. The 
resulting curves obtained for various voltages, between the light intensity and 


1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQI5. 
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the photo-electric current were found to be not quite straight lines, but curves 
which were slightly concave towards the illumination axis. In all succeeding 
determinations of reflecting powers, proper corrections were made in accord- 
ance with the curves obtained. 

In the determinations of the reflecting powers of the alkali metals, the photo- 
electric cell was mounted on the telescope of a spectrometer, thus facilitating 
the determination of the angles of incidence of the light on the alkali mirrors. 

Great difficulties were encountered in making the mirrors. These were made 
both by repeated distillations and pourings. The metal was deposited on a 
glass plate which formed part of a small cell. The reflecting power of the alkali 
metals in contact with the glass is given by 


O-r 
** eG + OF —1 1) 


O is the fraction of incident light reflected by the whole mirror (metal plus 
glass); r is the reflecting power of the glass surface from air to glass to air; r’ 
is the reflecting power of the glass surface going from the glass to air to glass; 
and ¢ is the transmission power of the glass plate for a single passage through 
the glass plate. 
The values of ¢ and r’ for various angles of incidence are given by the equations 
_ s+ ~ RMS —2) (R’ — r)\(1 — 17) 


t a. PE 7 cs «Se — 


T(1 — 1) ~ T+ — R')(R —7)’ 


T is the fraction of incident light transmitted by the glass plate and incident 
on the photo-electric cell. R’ is the reflecting power of the glass plate (both 
surfaces). There are no approximations in the derivation of these equations. 

The investigations of the properties of the glass plates showed that ?’ is 
somewhat less thanr. The values of r were obtained by abrading and blacken- 
ing one surface of the glass plate, thus leaving only one surface effective. 

Potassium gave reflecting powers of 88 per cent. at 9° incidence to 89 per cent. 
at 35°. A mirror formed by pouring the metal gave results coincident with 
those from one formed by distillation. Only one rubidium mirror has been 
investigated so far, its reflecting power at an angle of incidence of 9° being 
76.3 per cent. This was increased to 78 per cent. at 35°. Sodium gave re- 
flecting powers increasing from 89 per cent. at 9° to 91 per cent. at 35°. The 
reflecting power of the alkali metals therefore decreases as the atomic weight 
increases. 

So far, nonpolarized light has been used. The work is to be continued with 
Na, K, Rb, and Cs. Polarized and monochromatic light will be used. 

LABORATORY OF PHYSICS, 


UNIVERSITY OF ILLINOIS, 
December, 1915. 
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A POWERFUL SOURCE OF CONSTANT HIGH POTENTIAL.! 
By ALBERT W. HULL. 


HE apparatus to be described was developed for use in the study of X-ray 

spectra, and has proved so satisfactory that I have ventured to hope 

it may be of use to members of the Society who are doing similar work. In 

its present form it furnishes 5 kw. at any potential between 10,000 and 100,000 

volts with a voltage fluctuation of less than 1 percent. Much larger power with 

the same degree of constancy, or the same power with smaller fluctuation, can 
be obtained by increasing the size of the condensers. 

The principle of the method used differs from those previously employed in 
the manner of using inductance and capacity and the use of kenotrons as 
rectifiers. Theoretically, the higher the frequency the easier the problem, 
since the amount of inductance and capacity necessary is smaller the higher the 
frequency, and the kenotrons operate equally well at all frequencies. 2,000 
cycles has been found sufficiently high for the present purpose and is easy to 
generate and transform. 

The arrangement is shown in Fig. 1. Alternating current of 2,000 cycles at 
150 volts is stepped up to the desired potential by a transformer T, rectified 
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by kenotrons K,;, Kz and steadied by capacity C,, C2 (about 1/1000 micro- 
farad each), and inductance L,, Lz (about 100 henries each) arranged in the 
manner shown. The constant potential is measured by an ordinary voltmeter 
V in series with a 10-megohm resistance R. 

The function of condenser C; is to store sufficient energy, during the small 


1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 
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fraction of a cycle when it is receiving current, to supply the system during the 
rest of the cycle. The inductances L;, Le with the help of condenser Cz, 
feed this energy into the system at a nearly constant rate. The magnitude of 
condenser C; depends on how much power is to be used. If Ci is very small, 
then in order to deliver a finite current throughout the cycle its potential 
variation must be very large. In order to test this, I attempted to make an 
oscillogram with C; removed, and broke down both inductances, according to 
theory. 

The action of the inductance and capacity C2 may be described as follows: 
The rectified voltage at the terminals of the condenser C; is an irregular wave 
which may be analyzed into a constant potential plus a Fourier’s series of alter- 
nating potentials of which the lowest frequency component is 2,000. To each 
of these components the inductance L; + Lz offers an impedance very high 
compared with that of the condenser C2, Hence the amplitude which each 
component will have at the terminals of C2 will be smaller than its amplitude 
at the terminals of C; in the ratio 1/(1 + LC2w*), where w is the frequency, 
and may be made as small as desired by increasing L and C2. 

With the values of L and C given above this ratio is 35 for the 2,000 ~ com- 
ponent, 74y for the 4,000-cycle component, and so on. High frequency com- 
ponents, both of the rectified wave and “ surges,”’ will be so much reduced that 
they may be said never to reach the X-ray tube at all and this is true on open 
circuit as well as closed. This is very important, and is entirely dependent 
upon the use of capacity in the position C2. In circuits of this kind it is fre- 
quently assumed that inductance in the circuit will of itself damp out high 
frequency surges. The present case is an excellent example to the contrary. 
Without the capacity C2 the inductance would have no effect on oscillations 
of any frequency, since the impedance of an X-ray tube, that is, the ratio of 
increase of voltage to increase of current, is nearly infinite for all frequencies, 
even when the tube is carrying large currents. 

It can easily be shown that the optimum distribution of capacity between C; 
and C2 is given by the equation C; = C2 + (1/Lw*); and that the maximum 
voltage fluctuation for a given D.C. current 7 with a total capacity C = C; + Ce 


is 
S1ri 


” * Lw(C + 1/Lw?)?* 


For voltages below 50,000 it is convenient to connect the two kenotrons, one 
on either end of the transformer, in parallel instead of in series, thus rectifying 
both half cycles of the wave, and use the middle point of the transformer 
secondary as one terminal, as shown in Fig. 2. This makes the lowest fre- 
quency oscillation 4,000 cycles, which increases the efficiency of the condensers. 
If still larger currents are needed the condensers, which are made in 10,000-volt 
units, may be connected in series-parallel for the lower voltages so as to increase 
the capacity. In this way it is possible to obtain 5 kw. at any voltage in the 
form of constant D.C. potential, with fluctuation less than I per cent. With 
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3.2 kw. (65 milliamperes) at 50,000 volts the fluctuations are too small to meas- 
ure on the oscillograms, certainly not over 1/10 per cent. These and other 
oscillograms showing the constancy of the voltage under varying conditions 
will be published elsewhere. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC Co., 
SCHENECTADY, N. Y. 


ON THE SO-CALLED MAGNETIC RAys OF RIGHI.! 
By JAMEs E. IvEs. 


N 1908? Professor Righi, of the University of Bologna, described some 
| peculiar effects in a Geissler tube of special form obtained when the dis- 
charge was acted upon by a strong magnetic field. To these effects he gave 
the name of magnetic rays, and upon their properties he built up an elaborate 
theory. In 1909 he published a book entitled ‘‘ La Materia Radiente e i 
Raggi Magnetici,”” which in the same year was translated into German under 
the title ‘“‘ Strahlende Materie und Magnetische Strahlen.”” The form of the 
tube, constructed of glass, which he used is shown in Fig. 1. 

BD is a long tube, from one to two meters in length, and about 5 cm. in 





| A 





Fig. 1. 


diameter placed horizontally. A and Care the anode and cathode, respectively, 
both placed in a small side tube: the distance between them is about 8cm. R 
is a solenoid with an iron core, capable of producing a magnetic field in the 
direction CD in the neighborhood of the cathode, of about 2,000 C.G.S. units. 
The current between A and C, of the order of a milliampere, was usually 
obtained with a battery of 2,640 storage cells. To prevent the current through 
the tube from becoming too great and burning out the electrodes, a non- 
inductive high resistance of half a million ohms or so is placed in series with 
the battery and the tube. The pressure of the air in the tube was a few tenths 
of a millimeter of mercury. 

When no magnetic field is present, there is the usual Geissler tube appearance 
in the side tube AC, that is, there is a striated pink glow in the neighborhood of 
A, and a bluish violet glow in the neighborhood ofC. As the strength of the 
magnetic field is gradually increased the number of pink stria increases, and they 

1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 

2 Rendiconti della R. Accad dei Lincei, 2 Feb., 1908; Mem. della R. Accad. dell. Sci. 
Bologna, 1908, 17, 87-90. 
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move downwards until they fill the whole of the Faraday dark space. When 
the magnetic field reaches a certain strength, which depends upon the pressure 
of the air in the tube, the strie coalesce and form a continuous pink column 
pressed by the magnetic field against the side of the tube. When this happens 
the discharge through the side tube becomes periodic, emitting a note. At 
the same time, a bluish cathode glow appears in the long tube BD extending 
from C towards B. Also at the end of the bluish glow, farthest from C, there 
now appears a pinkish glow, and beyond this again a bluish, or whitish, glow. 
So going from B to D we have first a short bluish column, then a long pinkish 
column, and finally a bluish white column extending from F to D. The short 
bluish column is either attracted to, or repelled from the north pole of an 
auxiliary magnet and produces a spot of fluorescence at the point where it 
touches the tube. We may therefore assume that it is made up of a stream of 
cathode particles. The pinkish column is bent upwards by the north pole 
of an auxiliary magnet, and the whitish or bluish column is bent downwards. 
The directions in which these columns are bent would indicate that a current 
flows from F to E on one side of F and from F to D on the other side of F. 
Righi therefore calls the point F a “ virtual anode.’’ Following More and 
Mauchly! he calls the luminous column from £E to D the “ induced column.”’ 
I prefer to call it the Righi column as this name leaves out any assumption 
as toits origin. Both Righi and More and Mauchly assume that it is produced 
by the short bluish-violet column stretching from Bto E. Righi assumes that 
this bluish-violet column consists of magnetic rays, and More and Mauchly 
that it consists of a stream of electrons. 

The portion of the Righi column from E to F, I shall call the “ positive 
column ”’ because it resembles in color the positive column in the ordinary 
Geissler tube. The portion from F to D, I shall call the ‘“‘ negative column.” 

Righi’s theory of the action is as follows: He assumes that under the action of 
the magnetic field a positive ion and an electron unite to form a neutral doublet, 
or double star, with the electron revolving around the positive ion. These 
double stars under the action of the magnetic field move out along the lines of 
force, and so moving form his ‘‘ magnetic rays.” When they have moved out 
into the weak parts of the magnetic field, they are supposed to disintegrate, 
producing free positive and negative ions, and the positive ions so produced 
are assumed to form the virtual anode. 

Such an action would of course give rise to the periodicity in the discharge 
which is found to exist, since the double stars must alternately form and break 
up. 

In a recent paper Righi! has shown that, using a magnetic field to produce 
the Righi column, it is necessary to have (1) a magnetic field in the neighborhood 
of the cathode having the direction of the axis of the long tube, and (2) a mag- 
netic field whose direction is at right angles to the anode. In the ordinary form 
1 Philosophical Magazine, 26, pp. 252-267, 1913. 

2 Physikalische Zeitschrift, 15, pp. 5, 6, 1914. 
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of his apparatus these two conditions are fulfilled by one coil. The apparatus 
may, however, be so constructed that the two fields are supplied by separate 
coils. 

The ‘‘ magnetic rays”’ have been investigated by Thirkell,! More and 
Mauchly, and others. Both Thirkell, and More and Mauchly have come to 
the conclusion that they are negatively charged particles moving in spirals along 
the lines of magnetic force, and they consider that all the peculiar phenomena 
of the Righi column, namely, the positive column, the negative column, the 
virtual anode, and the periodicity of the discharge can be explained by this 
stream of negatively charged particles moving in the direction of the axis of 
the long tube. In fact More and Mauchly have found that all the Righi effects 
can be obtained without a magnetic field by using a Wehnelt hot lime cathode. 
The Wehnelt cathode produces a copious discharge of electrons, and they 
assume that this discharge of electrons into the long tube produces the Righi 
effects. 

I have repeated most of Righi’s experiments and my experimental results 
are in agreement with his. 

I finally modified the shape of the tube so that it had the form shown in 
Fig. 2. It will be noted that the form of the side tube is somewhat changed. 











Fig. 2. 


A is the anode and C the cathode. The anode is a platinum wire, and the 
cathode is either an aluminum or platinum wire. The cathode can if desired be 
covered with a small glass tube to within 10 mm. of the tip in order to confine 
the discharge to its end. 

In the course of my researches on the Righi tube, I have discovered the fol- 
lowing important facts: 

1. I disconnected the long tube from the side tube at B (Fig. 2), and closed 
the aperture so formed with a glass plug. I then examined the action of the 
magnetic field upon the discharge in the side tube. Using a rotating mirror 
to observe the discharge, I found that for a certain strength of the magnetic 
field, the discharge through the tube became periodic, the frequency decreasing 
as the strength of the field increased, and varying through several octaves. 
When the field reached a certain strength the discharge in the tube ceased. 
These results show that the periodicity of the Righi effect is in the main due 
to the action of the field upon the side tube and does not depend upon the presence 
of the long tube BD. 

2. I have found that the frequency of the note emitted by the tube when the 
Righi columnis present in BD depends apparently upon the electrostatic 
1 Proc. Roy. Soc., 83 A, pp. 324-334, 1910. 
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capacity of the tube. For instance, if the hand is placed upon the tube, the 
frequency of the note is decreased. If a brass band bd (Fig. 2), 10 cm. wide is 
placed around the tube and connected to earth, the pitch is considerably low- 
ered. If the width of the band is made twice as great the pitch is reduced 
roughly to one half. These results show that the phenomena are dependent 
in some way on the capacity of the tube. 

3. I examined the long tube throughout its length when the Righi column 
was present in it, by means of a pith-ball electroscope, and by other methods, 
and found that it apparently had a negative change when the Righi column was 
present. 

4. My most important result is, that I have found that all the Righi effects 
can be obtained without any magnetic field by placing a suitable spark gap in 
the high potential battery circuit which includes the tube. With the circuit 
that I have been using, I have found that the gap must be placed between the 
positive pole of the battery and the anode. If it is placed between the negative 
pole of the battery and the cathode, the Righi effect is not obtained. 

The spark gaps can be made of zinc, copper or brass. Those that I used were 
cylindrical with flat faces, and 12 mm. in diameter. If the gap is made too 
small the Righi column is not obtained. As the gap is increased in length the 
length of the Righi column increases. The frequency of the discharge decreases 
as the length of the gap increases. Using about 2,500 volts across the tube in 
series with a non-inductive resistance of about 800,000 ohms, I got the brightest 
column for a spark gap length of about .3 mm. To get the best results the 
high resistance must be placed between the negative pole of the battery and the 
cathode. 

These results seem to show that for the circuit that I have been using, the 
thing essential for the production of the Righi effect is the periodic interruption 
of the high potential circuit on the anode side of the tube. 

The effect of this would apparently be to produce a periodic charging of the 
tube negatively. After the spark jumps across the gap, outside of the tube, 
there will be a more or less complete neutralization of this negative charge 
within the tube, and a passage of electricity through it. 

CLARK UNIVERSITY, 


WORCESTER, MAss., 
December 8, 1915. 


Arcs IN GASES BETWEEN NON-VAPORIZING ELECTRODEsS.! 
By G. M. J. MAcKay AND C. V. FERGUSON. 


HE object of this note is to indicate the nature of some experiments, to 

be more fully described later, made during an investigation of the 

rectifying properties of gases, which tend to throw some light upon arc phe- 
nomena and gaseous conduction in general. 


1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 
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The work of Dr. Langmuir! upon the emission of electrons from an incan- 
descent filament in vacuum has been extended and applied in the field of elec- 
trical conduction through gases at comparatively high pressures. 

By the use of tungsten electrodes arranged as shown in figure I, it has 
been found possible to construct enclosed arcs, which will act as rectifiers 
of alternating current and carry 10 or 20 amperes with such slight deteri- 
oration of the metal that a life of many hundreds of hours may be ob- 
tained. The electrodes operate at temperatures between 2600-3200° K. and 
there appears to be no more loss of material than can be ac- 
counted for by the normal rate of evaporation of the tungsten 
at these temperatures, which is extremely small as is shown 
by the life of the filament in the nitrogen-filled lamp which 
operates at about 2800° K. Absence of the so-called ‘‘cathode 
sputtering”’ is attained by (1) elimination of high cathode drop 
by the use of a uniformly highly heated electrode (2) a com- 
paratively high pressure of gas which lowers the cathode drop 
by lessening the mean free path of the impinging positive ions, 
and also lowers the rate of evaporation of the hot metal as in 
the case of the filament of the gas-filled lamp. 

By the use of a rugged tungsten filament as cathode, heated to 
approximately 2800° K., a ten- to thirty-fold reduction may be 
made in the arcing potential, so that an arc with a definite fixed 
gap may be started on 100 volts or less, thus obviating the 
bringing together of the electrodes in order to strike the arc. 





Remarkable results have been obtained with carefully purified argon at 5 
cm. pressure. As shown by oscillograph on alternating current, the sparking 
potential from a hot cathode is no greater than the arc drop itself, and the 
latter has been reduced to less than 4 volts at 5 amperes and more. This is 
considerably less than the ionization potential found by Franck and Hertz.? 
The drop in the gas itself also appears to be less than 3 volt per centimeter. 

While all the gases investigated show complete rectification under proper con- 
ditions those such as nitrogen, air, and others, which react chemically with 
the electrodes to produce more or less volatile products show on oscillograms 
no current during the first part of the half cycle and then a sharp drop from a 
comparatively high voltage to a lower when the current starts. This apparent 
inhibiting effect on electron emission is similar to that found by Langmuir for 
like gases in high vacuum.’ 

This effect of chemical reaction, and the slight loss of material from the 
electrodes, together with the fact that many arcs show no spectroscopic evidence 
of the presence of tungsten in the conducting stream, would indicate that the 
necessity, urged by some, of considering chemical reaction and rapid evapora- 
tion of the electrodes necessary factors in arc phenomena, is non-existent. 

1 Puys. ReEv., N. S., II., p. 450 (1913). 

2 Ber. d. deutsch. Phys. Ges., 15, p. 34 (1913). 

3 Loc. cit. 
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More important factors would appear to be: (1) Thermionic emission from 
the hot cathode, (2) secondary electron emission from the cathode due to bom- 
bardment by positive ions, (3) thermionic emission from the hot gases, and 
(4) effect of temperature on the gas to increase the kinetic energy of the mole- 
cules so that ionization may be produced by impact as suggested by J. J. 
Thomson. 

Dr. Langmuir has shown that Richardson’s equation for the current emitted 
by an incandescent body holds for tungsten at all temperatures, and has 
determined the constants as follows: 


52,500 


i = 23.6 X10°YTe 7. 


Large currents cannot be obtained in high vacuum without employing very 
high voltage on account of the mutual repulsion of the similarly charged 
particles. This ‘‘ space charge,”’ however, is destroyed in gases by the positive 
ions produced by collision, so that the maximum electron emission may be 
realized at very low voltages. 

In the following table the magnitude of some of these factors are indicated, 
the vapor pressure of tungsten, the rate of evaporation in grams per sq. cm. 
per sec., the thermionic current, and the number of molecules of hydrogen 
per cubic centimeter which possess a kinetic energy corresponding to the ioni- 
zation potential of hydrogen, 11 volts, calculated from the average kinetic 
energy of the molecule and Maxwell’s distribution law. 














° Vv P: * R Evap., Th ioni Molecul Cc. 
Temp. cm, | Vara Press, | Rate Bre Current. _| Capable of Tonizing. 
2000 | 645.107 = 114.1071 004 amps. 1 

2800 | 286.1077 =| = 429.1079 8.98  « 108 

3540 M.P.| 80.107 — |S 107.1078 509 “ 10° 

5100 B.P. | 760 — 57025“ 10!” 





The rate of evaporation of tungsten in an inert gas at atmospheric pressure 
is about I per cent. of the above value. 

The currents obtained in practice are several fold the normal thermionic 
emission, but as the temperature of the gas is undoubtedly very high it may be 
highly thermionic, so that with secondary electron emission it is not surprising 
that high conductivity of the different media exists. 

It is hoped in the near future to publish a quantitative study of these arcs 
and their application from the viewpoints of high frequency generators, recti- 
fiers, and spectra of gases under different electrical conditions. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC Co., 
SCHENECTADY, N. Y. 
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ON THE VELOCITY OF SOUND AND THE VALUE OF THE RATIO OF THE SPECIFIC 
HEATS FOR HyDROGEN.! 


By Kart K. Darrow. 


HE values heretofore obtained for the ratio of the specific heats of hydro- 
gen range from 1.358 to 1.420, and the most recent is the most eccentric 
of all (1.332, obtained by Schweikert). The method here described was devised 
(largely following methods employed at Marburg) in order to test the inference, 
drawn from measurements upon the specific heat at constant volume made by 
Eucken and upon the specific heat at constant pressure made by Scheel and 
Heuse, that the value of the ratio, y, rises from about 1.4 to about 1.6 as the 
temperature falls from about 0° C. to —190° C.; the results here given are 
deduced from preliminary measurements made upon the velocity of sound in 
hydrogen about 21° C. The apparatus consists of a metal tube of about 5 
cm. in diameter and 35 cm. length, one end of which is formed by the diaphragm 
of a telephone receiver, the other end by the diaphragm of a telephone trans- 
mitter or microphone. The diaphragm of the receiver is energized by an alter- 
nating current of frequency variable continuously between about 400 and 
2,000 alternations per second, and thus emits a musical note of the same 
pitch (measured in vibrations per second) which at the proper frequencies 
forms stationary waves in the gas-column included between the two diaphragms; 
these diaphragms behave as open ends, so that the resonance-frequencies of 
the tube are in the ratios 1:2:3:4 . . . . These resonances are observed aurally 
by an observer who listens at a receiver connected in the customary way with 
the transmitter, and holds the frequency constant at the resonance-maximum 
while an assistant measures it (by measuring the speed of the motor whence 
the alternating current is generated). In this way it is possible to make as 
many as twenty successive determinations of « resonance-frequency, the 
extreme values diverging by less than one per cent. 

In the present determinations, air has been taken as standard gas. The 
ratio of the velocities of sound in the two gases (hydrogen and air) is taken asa 
ratio of the fundamental resonance-frequencies of the tube when filled with 
the two gases successively. As to the customary correction for the difference 
between the velocity in a tube and that in the free space, it is almost certainly 
negligible, since the radius of the tube is comparatively great and is the same 
in both cases, and the velocities may be compared at the same frequency for 
both gases, by interpolation between the overtones for air. In computing y, 
I introduce the further assumption that both the gases behave practically as 
ideal gases, and the experimental data for the ratio of the densities of hydrogen 
and air and for the value of y inair. For the first of these I have assumed 
p : bo = 0.0696, for the second y = 1.402. It is probable that the experi- 
mental errors are inferior to the uncertainty in the value for y in air. 

1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, IQIS. 
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Finally, it is important to note that, hydrogen being the rarest of gases, 
the effect of any impurity whatsoever is to reduce the observed value of the 
velocity of sound in the gas and therefore the computed value of y. Hence, 
out of a group of measurements upon different samples of the gas, all equally 
good according to some other method of detecting impurities (e. g., spectroscopic) 
that which gives the highest value is to be deemed the most reliable; conversely 
values notably smaller than reliable values already obtained can reasonably 
be ascribed to foreign gases. The purification of the hydrogen is a matter of 
considerable importance; and seems to have been somewhat neglected in pre- 
vious determinations of y, the authors for the most part either omitting to 
describe how it was done or giving intimations which indicate that it was 
insufficiently done. The hydrogen used in these tests was generated electro- 
lytically from dilute sulphuric acid, desiccated by passing over calcium chloride 
and phosphorus pentoxide, freed of oxygen by passing through alkaline pyrogal- 
lol solution, and of condensible vapors by passing through a liquid-air trap. 
The upper limit of the values so far obtained (out of several dozen samples) 
for the velocity of sound in hydrogen relative to that in air taken as unity, and 
for y in hydrogen, respectively, are 3.792 and 1.403. Hydrogen, for which the 
velocity of sound relative to air was as low as 3.770, and the apparent value of 
¥ as low as 1.388, showed very distinct traces of oxygen when examined spec- 
troscopically. 


RYERSON LABORATORY, 
UNIVERSITY OF CHICAGO. 


SoME Devices USED IN EVALUATING CERTAIN TRIGONOMETRIC AND 
EXPONENTIAL FUNCTIONS OCCURRING IN PHOTOMETRY.! 


By IRWIN G. PRIEST. 


DESCRIPTION of graphic and mechanical devices used at the Bureau 

of Standards to rapidly evaluate the following functions which are used 

in work with the Martens photometer and the Kénig-Martens spectrophotom- 
eter, and in computing transmission of light: 


tan gi: cot do, 
tan? gi cot? do, 
ty’. 
The apparatus described included two specially hand-ruled graphs and a 
special slide rule, which, although they involve no new principle, are of interest 
as affording great economy of time. Descriptions of this slide rule and these 


graphs may be had by applying to the Bureau of Standards. 


NATIONAL BUREAU OF STANDARDS, 
WASHINGTON, D. C. 
1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
27-30, I9Q15S. 
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THE RELATION BETWEEN THE PRESSURE EFFECT AND THE LIGHT EFFECT IN 
SELENIUM CRYSTALS.! 


By E. O. DIETERICH. 


HE change in the conductivity of a selenium crystal due to a change of 

pressure exhibits a lag, similar to the lag present in the light effect. 

It is possible to measure the rate of change of conductivity with pressure by a 

method similar to that employed to measure the rate of change of conductivity 
due to the light. 

The pressure effect was studied in a number of large selenium crystals, 
obtained by sublimation under different conditions of temperature and pressure. 
By applying the equation,” 

 — 
— 
in which 7 is the conductivity produced by pressure and a is the coefficient of 
recombination, the value of the coefficient was determined for the following 
various conditions of the crystal: 

1. When the crystal was in the dark and the conductivity was changed by 
pressure alone. 

2. When the crystal was illuminated and the change of conductivity was 
produced by pressure alone. 

3. When the crystal was illuminated and the change of conductivity was 
produced by the simultaneous change of pressure and light intensity. 

When the conductivity of the crystal in the dark as produced by pressure 
is the same as that produced by light under less pressure, the rate of change 
of conductivity with pressure and the corresponding @ are of the same order 
of magnitude as these same quantities due to light. For an increase of pressure 
a decrease in @ is observed. 

The same results are found when the crystal is illuminated and the change 
in conductivity results from a change in pressure alone. 

The rate of change of conductivity due to a simultaneous change in the 
pressure and light intensity is greater than the sum of the rates of change due 
to these agencies alone, that is, the separate effects are not additive. 

PuysicaL LABORATORY, 
THE STATE UNIVERSITY OF IOWA. 

1 Abstract of a paper presented at the Columbus meeting of the Physical Society, December 
28-30, I9TS. 
2F. C. Brown, Puys. REv., Series II., Vol. V., p. 396, 1915. 
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LSERIEs, 


NEW BOOKS. 


Recueil de Constantes Physiques de la Société Frangaise de Physique. Publié 
par HENRI ABRAHAM ET PAUL SACERDOTE. Gauthier-Villars & Cie, Paris. 
(Collection of Physical Constants made by the French Physical Society, 
published by Henri Abraham and Paul Sacerdote. Gauthier-Villars & Cie, 
Paris. University of Chicago Press.) 

Three volumes of this admirable publication have now appeared. It consists 
as is well known of a collection of physical constants made with the collaboration 
of a large number of scientific societies and professors of various universities 
scattered throughout the world. In the third volume, which has just come to 
hand, there are 49 chapters including practically every subject of interest to 
the students of physics, chemistry, zodlogy and to many engineers. The 
publishers have very wisely selected from the large volume of 592 pages certain 
chapters which have been bound and published separately. The first of these 
separate volumes is devoted to spectroscopy: the second to magnetism, clec- 
trical conductivity and electromotive forces; the third, to radioactivity and 
ionization; the fourth, to crystallography and mineralogy; the fifth, to biology 
and the sixth to the engineering sciences, including metallurgy. One cannot 
speak with too much enthusiasm of the excellences of these reports. The 
authors have searched the literature with the utmost care and have given not 
simply what may be called physical constants but also practically every exper- 
ment which results in obtaining numerical values. Volume I. was devoted to 
the results obtained in the year 1910; Vol. II. to those obtained in 1911; and 
Vol. III., published in 1914, gives the results found in the literature of 1912. 
Thus one can judge of the admirable promptness with which the work is being 
done. The references are given in full for every statement published, and 
there is a most satisfactory and concise explanation of all the symbols. This 
last feature is worthy of special commendation as it makes the work of the 
student who is in search of the experimental work of others most easy. 

It is impossible to compare this publication with any one bearing a title 
even remotely similar. It is superior to all the standard works in every respect, 
and should be in the library of every university and every laboratory of physics, 
chemistry, etc., where investigation is in progress. Each volume may be sub- 
scribed for separately, or the separate parts mentioned above may be bought 
individually. 3A. 
Electrical Nature of Matter and Radioactivity. *By HARRY C. JoNEs. New 

York: D. Van Nostrand Company, 1915. Pp. Ix+212. Price $2.00 net. 


This work is the third edition of a volume originally published in 1906. It 
aims at giving in a semi-popular style an accurate but concise account of some 
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of the leading phenomena in the conduction of electricity through gases and 
in radioactivity. 

The author's treatment of electrons and their properties is good as far as it 
goes, and the portion of the book devoted to radioactive substances and their 
radiations is on the whole well written. The treatment of X-rays and gamma 
rays however is meager, weak and inadequate. It is regrettable that the 
author did not take time to add a chapter embodying the results of the recent 
work of Bragg and others on these two classes of radiations. 

The chapter on atomic structure, too, should have embodied some considera- 
tion of the views which have been brought forward by Nicholson and by Bohr 
in connection with nuclear atoms and the radiations emitted by them. 


j.c.M. 


Smoke Abatement and Electrification of Railway Terminals in Chicago. Report 
of the Chicago Association of Commerce Committee of Investigation on 
Smoke Abatement and Electrification of Railway Terminals. By W. F. M. 
Goss, Chief Engineer. Chicago: Rand McNally and Company, 1915. 
Pp. lv+1,177. 

A mass of detailed information, well discussed, is brought together under 
the following six heads: The Necessity for the Electrification of Chicago's 
Railroad Terminals; The Technical Feasibility and Cost of Electrifying the 
Railroad Terminals of Chicago; A Study of Results which are to be Anticipated 
from Electrification in Chicago; Financial Practicability of Electrification; 
Summary of Conclusions with reference to the Electrification of Railroad Ter- 
minals; Summary of Conclusions with reference to Atmospheric Pollution. 


F. B. 


How to Make Low-Pressure Transformers. Pp. 1+17, Price 40 cents; Di- 
rections for Designing, Making and Operating High-Pressure Transformers. 
Pp. 1+46. Price, 65 cents; Examples in Magnetism. Pp. 1+90. Price, 
$1.10; Examples in Alternating Currents, Vol. 1. Pp. 1+223. Price $2.40. 
By F. E. Austin. Hanover, N. H. 

These booklets are intended for those who want “ results ’’ and who want to 
acquire a certain working knowledge of the subject in question by the repeated 
solution of numerical problems. The aim of the author is indicated by the 
following statement in a preface: “ It is not the function of this book to derive 
or discuss equations. These are in general to be taken for granted as a matter 
of fact. The mathematical processes involved in the transposition of the mem- 
bers of equations, and the solution of equations expressing physical laws, to 
obtain useful numerical results, is the main object.” 

The volume on alternating currents gives in handy form the equations and 
graphical solutions for circuits containing R, L and C; a second volume on 


alternating currents is to follow. 


F. B. 
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An Introduction to the Mechanics of Fluids. By Epwin H. Barton. New 

York: Longmans, Green and Co., 1915. Pp. xiv + 249. Price, $1.75. 

The author prefaces his main topic of mechanics of fluids by about sixty 
pages devoted to elementary mechanics and in this small part of the book has 
very adroitly laid a perfectly adequate foundation for a treatment of the 
mechanics of fluids which is fuller and more rigid than is usually attempted in 
an elementary treatise. 

Not a little of the book’s clearness is due to the very excellent diagrams, of 
which there are a great many. 

As the book is intended primarily for students preparing to pass the English 
university, naval or military examinations, it contains a great number of prob- 
lems with answers and hints for the solution of some of the more difficult ones. 

Any teacher giving a course in mechanics of fluids to engineering students 
or others who have had a year of general physics would do well to consider 
Dr. Barton’s book as a possible text. - 


A Meteorological Treattse on the Circulation and Radiation in the Atmospheres 
of the Earth and of the Sun. By FRANK H. BIGELow. New York: John 
Wiley and Sons, 1915. Pp. xi + 431. Price, $5.00. 

Meteorology as a science is less than fifty years old, in fact the active scien- 
tific career of the author of Atmospheric Circulation and Radiation has been 
nearly as long as the subject he treats and whose progress he has done so 
much to further. 

Meteorologists have naturally treated the atmosphere as a thermodynamic 
system similar in all respects to the smaller systems studied in the physical 
laboratory, but as experimental material has accumulated it has become 
evident that it may not be treated as an adiabatic system. Professor Bigelow 
proposes a system of thermodynamics which differs very fundamentally from 
the accepted system, the most striking difference being that he places the gas 
constant a function of the absolute temperature. 

In the opinion of the reviewer Professor Bigelow’s working formule are for 
the most part empirical in spite of the very good defense of them he makes 
on general theoretical grounds. The numerical data derived from them (or 
perhaps, more strictly speaking, interpolated by means of them) are in excellent 
agreement with the mass of experimental material he has collected. 

With recognized existing fields of investigation like non-Euclidean geometry 
and non-Newtonian mechanics, there is no reason why one should not attempt 
non-Clausian thermodynamics and possibly this attempt of Professor Bigelow’s 
is a forerunner of a new thermodynamics for a system on a very large scale 
which because of the absorption and reémission of radiation and for other 
reasons may not be regarded as adiabatic. In spite of strong points in the 
author’s arguments, one is left unconvinced. 

The book deals with problems of great interest to the physicist, the expression 
is clear and the treatment such as to stimulate further inquiry. 

a. Fs 
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An Introduction to the Principles of Physical Chemistry. By Epwarp W. 
WASHBURN. New York: McGraw-Hill Book Company, 1915. Pp. xxv + 

445. Price, $3.50. 

This work is designed for the serious student who intends to specialize in 
physics or chemistry and who has a good working knowledge of the calculus. 
It deals with the principles rather than with the laboratory side of the subject. 
Considerable attention is given to the recent work which has made the atomic 
theory of matter and electricity more than a working hypothesis, and molecular 
kinetics and thermodynamics form the essential framework of the author’s 
treatment. In addition to the subjects usually treated, one of the later chap- 
ters is devoted to radioactivity and another to the recent theories of atomic 
structure, X-ray spectra, and the chemical significance of the atomic numbers. 
The book contains many problems, some of them leading to the development 
of principles by the student, and also an abundance of references to both books 
and journal articles. An interesting feature is the presentation in the form of 
footnotes of brief biographical details concerning the investigators named in 
the text. It appears to be not only an excellent textbook for the student of 
physical chemistry, but also a useful book for the physicist whose principal 
interest lies in other directions. ee Ss 


The Telephone and Telephone Exchanges: their Invention and Development. 

By J. E. Kincsspury. New York: Longmans, Green and Co., 1915. Pp. 

x + 558. 

Mr. Kingsbury’s book is a history of the telephone and in no sense either a 
manual for the telephone engineer or a textbook. 

The story of the inception of the idea of telephony and the practical working 
out of the many necessary technical and administrative details is told with 
extraordinary good judgment, for although the book contains a wealth of 
practical information one reads it with a pleasure rarely inspired by the 
textbook, however good it may be. 

The reference material is easily obtainable by the use of the very good index 
at the end of the volume. 

One is impressed by the fact that the subject gains greatly in interest by 
Mr. Kingsbury’s having adopted the historical treatment and his marked 
success with this method may well make it serve as a model for others who 
write popular treatises on physical topics. Ri. Be 


Dielectric Phenomena in High Voltage Engineering. By F. W. PEEK. New 
York: McGraw-Hill Book Co., 1915. Pp. xv+265. 


This book gives the properties of gaseous, liquid and solid dielectrics. The 
author's own extensive investigations, carried on in the engineering department 
of the General Electric Company on corona and spark-over, form a most val- 
uable part of this work. The book opens with an admirable mathematical 
discussion of the dielectric field and dielectric circuit; it closes with chapters on 
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practical corona calculation for transmission lines and practical considerations 
in insulation design. The book is commended to whoever is interested in high 
voltage phenomena, either as physicist or engineer. F. B. 


Electrical Engineering. Vol. 1. By T. C. BAttt1e. Cambridge: University 

Press, 1915. Pp. vii+236. 

This book, which is designed as an elementary text, contains the following 
chapters: Historical Introduction, Currents of Electricity, Magnetism, Current 
Measurement, Electromotive Force, Measurement of Resistance, Potentiom- 
eter, Batteries, Electric Light. Elementary electrical measurements con- 
stitute the chief part of the book, and in these the potentiometer is particularly 
prominent. The 129 illustrations are for the most part trade cuts of British 
instruments. For this and other reasons the book will doubtless find its 
greatest usefulness within the British empire. F. B. 


Magnetism and Electricity. By E. W. E. KEMpson. New York: Longmans, 

Green and Co. Pp. viii + 240. Price, $.90. 

This book is based on a year’s course of lectures given in the upper forms of 
the Rugby School. Theory and historical origins are avoided throughout. 
The subject is developed from a well-selected series of experiments illustrating 
fundamental laws, many of which are suitable for class demonstrations, others 
for laboratory exercises. There are some surprising omissions—for example, 
there is no mention of current induction or of familiar applications of electrical 


principles; nor does the author attempt to initiate beginners into the mysteries 
of wireless telegraphy, X-rays, and electrons, although it may perhaps do the 
elementary student no harm to be told that there are such subjects awaiting 


his more mature study. a ee oe 


Relativity and the Electron Theory. By E. CUNNINGHAM. New York: Long- 
mans, Green and Co., 1915. Pp. vii + 96. Price, $1.10. 

In his Principle of Relativity the author gave a comprehensive account of 
this subject, including detailed mathematical developments. The present 
volume is intended for the use of the experimental rather than of the mathe- 
matical physicist. It emphasizes the close relation between the principles of 
relativity and electron theory, and those aspects of the subject which are 
most closely related to experimental investigations. Mathematics is not 
altogether avoided, but is reduced to the minimum necessary to clear under- 
standing. An account is given of the various experiments, the failure of which 
seemed to demand some revision of traditional notions regarding time and 
space. The topics treated in successive chapters are: The origin of the prin- 
ciple; the relativity of space and time; the relativity of the electromagnetic 
vectors; mechanics and the principle of relativity; Minkowski’s four-dimension 
vectors; the new mechanics; relativity and an objective ether. In the latter 
chapter the author gives reasons for the belief that the existence of an ether is 
not necessarily inconsistent with the principles of relativity. a ae 





